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Preface

Since its discovery in 1957 by Crane and associates, coenzyme Q (CoQ, ubiquinone Q,,) has
become the subject of extensive studies in bioenergetics. Thisresulted in the discovery of its unique
and remarkable role in energy production in mitochondria. The ubiquitous presence of CoQ in
essentially all types of intracellular membranes and lipoproteins suggests that there are additional
roles for CoQ in cellular biochemical pathways associated with its redox properties. One such role
is that, in its reduced form, CoQ acts as an electron donor to reduce reactive chain-initiating and
chain-propagating radicals, i.e., functions as a radical scavenger or chain-breaking antioxidant.
Later findings implicated CoQ in extramitochondrial electron-transport systems, demonstrating its
utility as a universal redox component. Since a variety of biological functions depend on CoQ, the
question of deficiency or dysregulation leading to pathological states can be raised. Because of
this, an emphasis was put on tissue levels of CoQ in maintaining health and its possible roles in
disease.

This volume attempts to summarize the latest developments in these very different areas of
CoQ research. It covers a broad spectrum of different fields in which CoQ represents a subject of
investigation—from physical chemistry and biophysics through biochemistry, molecular biology,
and cell biology to nutritional sciences, medical applications, and geriatrics. Not surprisingly, levels
and depth of mechanistic understanding and description of CoQ's different effects are radically
different in these different fields and this is reflected in the chapters into which this book has been
divided.

Another specific feature of the book is the widespread geography of contributing authors, with
all corners of the globe being represented. This reflects not only awide-ranging geographic interest
in research on CoQ, but also provides a number of the heterogenous approaches and styles reflected
in the chapters in the volume. An international team of experts joined forces to produce a work
that addresses the magjor facets of CoQ research and creates a must-have resource for researchers
in the field. With this understanding, the editors did not attempt to make the volume more uniform
at the expense of losing the bright and colorful originality furnished by selected contributors—all
experts in their respective fields. Instead, the editors believed that the most essential goal is a
balanced approach encompassing the most important achievements in the field.

Hands-on experts describe in detail the key findings, discoveries, and concepts in different
aspects of CoQ research. Therefore, the reader will find chapters describing the topography and
behavior of CoQ in membranes (P. Quinn and G. Lenaz) as well as its most essential antioxidant
chemical properties (K. Mukai). Thisis followed by wonderfully presented contemporary ideas on
the bioenergetic mechanisms for CoQ in mitochondria (PL. Dutton et al.). New concepts on
extramitochondrial functions of CoQ (in plasma membranes and lysosomes) are discussed in two
chapters (P. Navas et a. and H. Nohl and L. Gille). Recent discoveries in biosyntheic pathways
for CoQ based on molecular genetic approaches are presented in the chapter by C. Clarke and T.
Jonassen. Several chapters are dedicated to detailed descriptions of the antioxidant mechanisms of
CoQ in membranes. These include considerations of antioxidant dynamics of CoQ in membranes
(E. Niki), its special role in antioxidant protection of lipoproteins (S.R. Thomas and R. Stocker),
and its antioxidant interactions with vitamin E (V. Kagan et a.). The chapter by H. Nohl et al.
demonstrates that, despite an almost unequivocally accepted antioxidant role for CoQ, thereiis till
enough room for further research asit identifies conditions under which CoQ may become a source
of reactive oxygen species rather than their scavenger. A specia chapter is focused on biochemical
and pharmacological properties of CoQ analogs (A. Mordente et al.)



As atransition to the health effects of CoQ, C. Weber reviews issues related to dietary intake
and sources of CoQ. Important methodological information on assays and handling of samples for
CoQ analysis can be obtained in the chapter presented by Rousseau et al.. Additionally, three
chapters are focused on plasma levels of CoQ as potential markers of abnormal status of the
organism, i.e., disease. In fact, chapters by A. Kontush, Y. Yamamoto and S. Yamashita, and J.B.
Ubbink describe the potential use of CoQ measurements as diagnostic predictors of disease.

Several chapters discuss health effects of CoQ in experimental conditions (animal studies) or
in clinical settings (chapters by D. Das and H. Otani, Alho et al., A. Gvozdjakova and K. Jarmila,
and G.P. Littaru and M. Battino). The role of CoQ in liver diseases is presented in two chapters
discussing alcohol-induced liver injury (S. Eaton et a.) and liver carcinogenesis (P. Stal and J.M.
Ol'sson).

Special attention was paid to an issue of potential benefits that CoQ supplementation may offer
in sport and physical exercise (C. Malm and M. Svensson, T.J. Vasankari and Ahotupa, and J. Faff).
Finally, relationships between CoQ and longevity are the subject of the chapter written by H. Alho
and K. Lonnrot.

While studies of CoQ mechanisms in mitochondrial energy production have been recognized
by Peter Mitchell’s 1978 Nobel Prize for chemistry, many essential mechanistic details have become
more evident now. Some of the earlier outstanding contributors to the subject, such as Karl Folkers
and Lars Ernster, have now left the field to be replaced by new talents striving to discover and
learn about other functions of CoQ. It is this still-incomplete knowledge of biosynthesis, transport,
delivery, biochemical pathways, and pathological disregulation of CoQ that limits its effective use
in health and disease. We hope that the summary of CoQ research contained in this volume will
contribute to furthering our understanding of its role and functions and stimulate further research
critical for future applications.

Valerian Kagan and Peter Quinn
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’I Mobility of Coenzyme Q
in Membranes
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1.1 INTRODUCTION

Coenzyme Q(Q) or ubiquinone was discovered as a mobile substrate-like component of the mito-
chondrial respiratory chain:* hence, its mobility has received much attention both on biochemical and
biophysical grounds. On the other hand, novel functions discovered for Q aso require knowledge of
its mobility properties. For example it is not known if its role in plasma membrane electron transfer?
requiresthe quinone as amobileintermediate; its membrane-bound antioxidant function®4 may require
its high mobility within the lipid bilayer, e.g., for its possible interaction with vitamin E.> This review
deals with the present knowledge of the role of mohility, in particular lateral diffusion, in the function
of Q, largely derived from studies on mitochondrial electron transfer. Therefore, it seems appropriate
to present an introductory chapter on the physical bases of mobility of membrane-bound molecules.

1.2 MOBILITY OF MEMBRANE COMPONENTS

The mobility of membrane-bound molecules is essential for many biological functions.® Although
all membrane molecules exist in a dynamic state, fluidity is not distributed homogeneously but
varies within lateral domains in the plane of the bilayer.” It was suggested, however,® that the

0-8493-8732-9/00/$0.00+$.50
© 2000 by CRC PressLLC 5



6 Coenzyme Q: Molecular Mechanisms in Health and Disease

organizational problem in most membranes is not to maximize motion of al their component
molecules, but to control this motion with specific restrictions.

1.2.1 LaterAL DIFFusION

Mobility of membrane components includes both their lateral bidimensional displacement in the
plane of the membrane (lateral diffusion) characterized by a latera diffusion coefficient D,, and
rotational motion about an axis perpendicular to the plane of the membrane (rotational diffusion),
characterized by a rotational diffusion coefficient D, .

Brownian motion or diffusion is the random movement of a particle due to exchange of thermal
energy with its environment, so that both its position and its orientation exhibit noise. A rigid object
in space has three positional and three angular coordinates, each being arandomly fluctuating function
of time. For a spherical particle in slow motion in a three-dimensiona viscous fluid we have:

D, = KT/67nR (1.1)
D, = KT/8mR? (1.2)

where k is Boltzmann's constant, T is the absolute temperature, 7 is the viscosity, and R is the
particle radius.

In biological membranes, treatment of the corresponding equations is complicated by the
reduction of dimensionality and by the anisotropic nature of the medium (the lipid bilayer). A
hydrodynamic model of membrane diffusion was given by Saffman and Delbriick®for a cylindrica
object embedded in a viscous continuum fluid sheet bounded by an aqueous fluid. Such a particle,
simulating a membrane protein, is restricted to moving lateraly in the x-y plane and to rotate
around the z axis. Assuming the viscosity of the membrane 1 is much higher than the viscosity of
the outer medium 7’ the following equations apply:

D, = kT/4mmath (1.3)
D, = (KT/4mmh) (log nh/n'a— v) (1.9

where h is the height of the cylinder, aisits radius, and vy is Euler’s constant (0.5772). The model
assumes that the viscosity of the fluid bathing the membrane in addition to that of the lipid phase
itself affect protein lateral diffusion.

Thelateral diffusion of lipids and lipid-like molecules and of hydrophobic molecules embedded
in the lipid bhilayer, however, are not expected to obey the Saffman-Delbriick model by depending
on the viscous drag from the outer medium. In the case of a diffusant comparable in size with the
solvent, the free volume theory® applies best.’® According to this theory, the diffusion of a molecule
in a fluid system may be divided into a three-step process: (i) creation of local free volume by
density fluctuations that open a hole within the cage where a solute molecule is situated; (ii) the
jump of the diffusing molecule into this hole, creating a void at the previous position; (iii) the
filling of the void by another solvent molecule. The lateral mobility of amphipathic molecules in
afluid lipid matrix will be determined by the free area according to

D, = A exp(sa’/aym) (1.5)

where @ is the close packed area per molecule and aq, is the mean free area per molecule at a
given temperature T, and § is a constant; the pre-exponential factor A is related to a* and the gas
kinetic velocity of the diffusant.
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It is expected that the lateral mobility of amphipathic moleculesis determined by the free outer
polar region of the bilayer, whereas nonpolar molecules diffuse according to the freedom of the
central region, which experiences much greater fluidity** with a higher expected probability to form
void volumes. Berg'? provided a series of equations relating viscosity and molecular dimensions
for molecules of different shapes moving in two dimensions.

The method of choice for measuring lateral diffusion of proteins in membranes is fluorescence
recovery after photobleaching (FRAP);% the method can be applied to nonchromophoric proteins
by attaching suitable covalent probes. FRAP involves photochemical bleaching of the chromophore
in a small region of the membrane with a strong pulse of laser excitation; as the unbleached
molecules diffuse into the bleached areas, the fluorescence intensity of the area increases; D, are
calculated from the recovery curves. The disadvantage of chemical modification of the diffusing
molecule may be of major importance for small molecules.

A limitation of the method is that D, measured by FRAP in nonplanar membrane surfaces, as
is often the case in membranes with microvilli or invaginations, is underestimated, representing
the mobility in projected flat planes.* The method is unsuitable for membranes of small diameter,
like subcellular organelles, unless they are modified to increase their size by fusion or other means.’®
The possibility that membranes are laterally heterogeneous over short distances'® makes FRAP
only suitable for measuring long-range (>1 um) lateral diffusion. Since collision-dependent inter-
actions are more directly related to local rather than to long-range diffusion,'” FRAP may not be
suitable for determining the role of diffusion in collisional processes.

Other techniques are used to study short-range lateral diffusion, but appear to be unfit for protein
diffusion. Such techniques include, among others, esr line broadening of spin labels®® NMR,° pyrene
excimer formation,'° and fluorescence collisional quenching.2All these methods involve the deter-
mination of the rate of collision encounters between two molecules, and therefore can only measure
local short-range diffusion, asisinvolved in chemical reactions and molecular diffusion-dependent
associations.?

TheD, of lipids, investigated by avariety of methods, usually range between 10-7 and 108 cn?/s2
They appear to fit the free-area theory and are slightly affected by the density of proteinsin the
membrane. Contrary to lipids, the D, of membrane proteins usualy range in a broader field,*
between >10-° cm?/s and complete immobilization. Protein diffusion in model lipid bilayers obeys
the Saffman-Delbriick model;23 in natural membranes, however, diffusion is slower than theoreti-
cally expected,’® suggesting that mobility is hindered by a number of physiological restrictions.

One possible restriction is the increase of membrane viscosity:?* D, of proteins are usually
decreased by 2-3 orders of magnitude below the lipid phase transition.?> However, the correspon-
dence between membrane viscosity and protein diffusion is often poor, suggesting that lateral
mobility in situ is mainly modulated by constraints from the aqueous matrix. The elements of the
cytoskeleton,? in particular the microfilaments or other peripheral proteins, produce a large reduc-
tion of the measured D,. Other restrictions are represented by membrane junctions.

A factor strongly modifying protein diffusion is their concentration in the membrane. The
dependence of the lateral distribution of membrane proteins on the protein lipid ratio has been
modeled by Monte-Carlo calculations?” and shown to vary from random to aggregated in a contin-
uous network. It was calculated that long-range diffusion is relatively sensitive to the area fraction of
the membrane proteins; at a critical area fraction, diffusion is completely blocked.?® Confirmation
of this model was provided performing FRAP in reconstituted systems at different lipid protein
ratios.’> Another reason why proteins retard long-range diffusion is their immobilizing effect on the
surrounding phospholipids.?23°

1.2.2 DirrusiON-LIMITED REACTIONS

In the cellular organization of living organismsthe energy of thermal fluctuation, kT, islarge enough
to perturb the cell’s motion.3 Adam and Delbriick® proposed that organisms resolve some of the
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problems of timing and efficiency of diffusion of certain molecules by reducing the dimensionality
in which diffusion takes place. Membrane-bound diffusion may well compete with transport inside
soluble compartments of the cell, which is expected not to be so effective due to the high viscosity
of the cytoplasmic matrix. Similar considerations may well be applied to the mitochondrial matrix.

A major aspect of the physiological relevance of diffusion isthe control of chemical associations
in two dimensions in membranes.

All association processes in solution are ultimately limited by the timeit takesto bring reactants
together by diffusion. Most macromolecular interactions also require that the molecules attain a
correct mutual orientation so that potentialy reactive groups are properly aligned; usually the
molecules have to collide many times before the reaction takes place.

If the rate of a chemical reaction is limited by the time it takes to bring the reactive groups
together via diffusion, the reaction is said to be diffusion-controlled.3® Diffusion-limited reactions
are viscosity-dependent and have weak temperature coefficients.

According to Smoluchowski,* the bimolecular association rate constant, k,, for two spherica
molecules A and B is

k, = 47N(D, + Dg) - (Ry + Ry) (1.6)

where N is Avogadro’'s number per millimole, D, and Dy are the diffusion coefficients, and R, and
R; are the interaction radii of the two molecules.

Since macromolecules are not reactive over their entire surfaces, but on restricted active sites,
afull description of the diffusion-limited association process must consider the molecules that are
needed for the reaction to occur.®® It can be assumed that a molecule, owing to the erratic nature
of the diffusional path (random walk), will come close to its starting point a number of times prior
to achieving an appreciable separation from its origin (microcollisions as distinguished from
macrocollisions.3 Molecules having to come together by diffusion will experience a large number
of microcollisions with changes in orientation, facilitating the occurrence of the useful collision.

Feeding the Stokes Einstein relation (Eg. 1.1) in the Smoluchowski relation, if R, = Rg, we
can approximate

k, = 8KT/3n (1.7

which corresponds to k, =~ 10° — 10 M 's™* under norma aqueous solution conditions. The
association could be faster if one molecule is small and diffuses rapidly while the other is large and
provides a large target.

If the association reaction depends on a chemical step, the rate constant will depend on both
the collision frequency and the rate constant k, of the chemical step according to the Noyesrelation®:

Uk, = U[4m(D, + Dg) (Ry + Ry)] + Lk, (1.8)
For two spherical molecules, assuming one molecule to be completely reactive, and the other

having a reactive patch over its surface, limited by an angle 6, with the center of the molecule, the
diffusion-limited association rate constant will be roughly proportional to sin 6,

ka= (Da + Dg)(Ra + Rg) Sin(64/2) (1.9)

If the steric constraints are severe (i.e., 6, is very small) there can be a difference of orders of
magnitude with respect to the simple Smoluchowski relation. In real macromolecular associations,
however, it is likely that long-range and short-range interaction forces will facilitate and prolong
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the collisions, giving the molecules ample opportunity to seek out orientations for reaction. Thus
electrostatic and hydrophobic interactions are sources of useful interactions.3

It was proposed that reduction of dimensionality from three to two dimensions, as usually
happens in membrane-mediated reactions, enhances the rate constants by facilitating collisional
encounters.3 There is some empirical evidence that guided diffusion by reduced dimensionality
may be favorable,® but the rate constants for two-dimensional diffusion have yet to be rigorously
defined. Blackwell et al.3° developed a two-dimensional analogue of the Stern-Volmer relation for
diffusion-limited fluorescence quenching, from which the rate constant could be related to diffusion
by the relation

k, = 8Nh(D,, + Dg)rf/m (1.10)

where h is the membrane thickness, risthe lifetime of the excited state of the fluorescent molecule
in the absence of the quencher molecule, and f, is a fitting parameter.

The lateral trandational rate of a diffusing molecule is calculated for a bidimensional path by
the Einstein-Smoluchowski relation

d2 = 4Dt (1.11)

where d is the distance traveled by the diffusing molecule and t is time. However, the mean time
required to reach a small target of radius R in two dimensions over adistance d, being d >> R, is

7 =(d%2D) In(d/R) (1.12)

The diffusional search for asmall target is much more efficient in two dimensions than in three,
assuming t to be of comparable magnitude.

1.2.3 DirrusioN CoNTROL OF ENzYMATIC REACTIONS

In the Briggs-Haldane steady-state approximation in a monosubstrate enzyme reaction, the initial
velocity v, is expressed by

Vo = K[EJ[S/[(k; + ky)lky] + [§ (113)

where E, isthe total enzyme concentration, Sis substrate, and k, and k; are first-order rate constants,
whereas k; is the second-order rate constant of enzyme-substrate reaction; (k, + kj)/k; is the
Michaelis-Menten constant, K, and k; is equated with the catalytic constant k. Equation 1.13
can therefore be rewritten in the classical form of the Michaelis-Menten equation:;

Vo = K[EI[S/K, +(9 (114)

Theratiok /K., isavery useful parameter in enzymekinetics, because it represents the minimal
va ue of the bimolecular reaction rate constant of enzyme with substrate, k,;,,, approaching the truek;:

Kin = Kea/Kin = Ky * Ko/ky, + Kq (1.15)

The binding of substrates by many enzymes is fast, and it is possible that it proceeds at rates
limited by the diffusion of the reactants: high values of k; (and hence of the k.,, value, which is
easily accessible in steady-state kinetic analysis) are suggestive of a diffusion-limited enzyme
reaction.
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Diffusion-controlled enzymatic reactions have low activation energies. Moreover, Equation 1.7
shows that diffusion-limited reactions are predicted to be sensitive to medium viscosity.
For a diffusion-limited associaton rate constant of an enzymatic reaction we have

Knin = f(4mRATN)/n (1.16)

where Aisan empirical constant and f is a steric factor expressing the efficiency of useful collisions
to determine the reaction with respect to total collisions. The percent collisional efficiency for
enzymatic reactions is usually low (1% or less).

The variation of the kinetic parameters of an enzyme with solution viscosity can be used to
eva uate the extent to which the magnitude of K, is determined by the rate constant for diffusion-
controlled encounters between substrate and active site.

The activation energy for aqueous diffusion is low, and therefore diffusion-limited reactions
usualy exhibit low activation energies. It should be noted that an Arrhenius plot of log k., vs. UT
should be curved if the diffusion-limited component and k. (see Eq. 1.8) have different activation
energies. Nonlinear Arrhenius plots have been found in soluble enzymes, and more often in membrane-
bound enzymes,*! but they were usually interpreted in terms of transition temperature of the lipids
or of conformational changes of the enzyme.

In terms of enzyme kinetics, the effects of temperature and viscosity on k; in adiffusion-limited
reaction become experimentally apparent in the K, (being K, = k, + ky/k;) and not usually in the
k. (being k; = k; mainly indicative of the endogenous chemical activation step in catalysis).
Nevertheless, insofar as k; contains the products dissociation step(s), diffusion control may exert
changes in kg, if product release from the active site is diffusion-limited.

In terms of amicroscopic reaction scheme, diffusion control means that the substrate molecules
are used by the enzyme at a rate faster than they can be replenished by diffusion from the bulk
solution. Thus the bulk concentrations of substrate necessary to progressively saturate the enzyme
are increased and the apparent K., therefore, increases. On the other hand, at infinite substrate
concentration, the local substrate concentration is also infinite and therefore V,, does not change.

Not all reactions where k., /K., change with viscosogens need necessarily be diffusion-limited,
and the use of poor substrates® is an important control to ensure that observed rate effects by
viscosogens are really due to viscosity changes. If a good substrate reacts near the diffusion limit
and the reaction is sensitive to solution viscosity, a poor substrate for which the rate of reaction is
determined by a slow chemical step should be insensitive to viscosity.

1.3 ORGANIZATION OF THE MITOCHONDRIAL
INNER MEMBRANE

The isolation of discrete lipoprotein redox complexes from the inner mitochondrial membrane and
thefinding that the respiratory chain could be reconstituted from the isolated complexes led Green®
to postulate that overall respiratory activity is the result of both intracomplex electron transfer in
solid state between redox components having fixed static relations and, in addition, of intercomplex
electron transfer ensured by rapid diffusion of mobile components acting as cosubstrates, i.e., Q
and cytochrome ¢ (cyt. ¢). Thisview was substantially confirmed over the following years,* although
the organization of the respiratory chain was enriched with an increasing number of respiratory
complexes® (cf. Figure 1.1).

1.3.1 MODELS OF STRUCTURAL ORGANIZATION

Two extreme conditions can be envisioned for the organization of the respiratory chain.*¢ In the
first view, the chain is organized in a liquid state. The large enzymatic complexes are randomly
distributed in the plane of the membrane, where they move freely by lateral diffusion. Ubiquinone
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and cyt. c are also mobile eectron carriers, whose diffusion rate is faster than that of the bulkier
protein complexes; their diffusion-coupled collision frequencies may be either higher or lower than
any given reaction step within the complexes, and consequently electron transfer would be either
reaction-limited or diffusion-limited. Alternatively, the components of the chain are present as
aggregates, ranging from small clusters of few complexes to the extreme of a solid-state assembly.
The aggregates may be either permanent or transient, but their duration in time must be larger than
any electron transfer turnover in order to show kinetic differences from the previous model.

The random collision mode has been systematically elaborated on by Hackenbrock,*” who pro-
vided convincing evidence that respiratory complexes undergo independent lateral diffusion, and
electron transfer is a diffusion-coupled kinetic process. The same group postulated that electron
transfer is limited by diffusion of the faster components (Q and cyt. ¢).*®

The view of a solid-state arrangement is scarcely tenable. However, the possibility of transient
aggregates® and of preferential associations between complexes (e.g., 49) deserves some consid-
eration.

The lateral diffusion of protein complexes in mitochondrial membranes was first measured®
by a combination of postfield relaxation and freeze-fracture electron microscopy, yielding D, of
8.3 ¢ 1071° cm?/s for the particles in spherical mitoplasts. Later, Gupte et al .5 reported values near
4 « 10720 by FRAP on labelled respiratory complexes in megamitochondria, whereas Hochman et a.*
also using FRAP, obtained D, of 1.5 « 10~1° cm?/s for cytochrome oxidase in megamitoplasts from
cuprizone-fed mice.

The diffusion of integral membrane proteins protruding into aqueous compartments is affected
by the viscosity of the agueous matrices,>? in accordance with the Saffman-Delbriick relation. On
the other hand, the long-range diffusion measured by FRAP (um) could be slower than short-range
diffusion (nm) as a result of the high density of proteins. Accordingly, the D, of Complex 11l was
strongly enhanced by phospholipid enrichment of the membrane;> significantly, the long-range D,
of phospholipids, though also increased, was affected to a much smaller extent.
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1.3.2 DirrusioN oF UBIQUINONE

Direct evidence for the localization of Q homologs was derived from studies in oriented bilayers
by alinear dichroism technique.5%* The presence of two partly overlapping opposite-signed bands
suggested two main orientations of the polar head of the quinone molecules, one situated in the
hydrophobic interior and the other near the membrane surface. The available data supported a
model where most of the Q molecules are located in the membrane midplane, with the headgroup
oscillating transversally across the membrane. The transversal movement of the Q molecule would
most likely be limited to oscillations of its relatively polar headgroup, allowing interactions with
water-soluble redox reagents.5>% These interactions, however, appear to be relatively inefficient.5”

We attempted to confirm the extended conformation of the Q molecules by performing amolecular
dynamics simulation in the vacuum starting from different initial configurations. In al cases, the
simulation yielded a folded structure for Q,, and other long isoprenoid chain homologs.®%° A sig-
nificant energy difference was obtained between the folded and extended structure of Q,q,
indicating a much higher stability of the folded conformation (F. Andriani, R. Fato, and G. Lenaz,
unpublished) (Figure 1.2). The size of folded Q, issurprisingly similar to that of short chain quinones
in an extended configuration, with a length of approximately 21 A. The cutoff for folding of the
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FIGURE 1.2 Energetic comparison (Kcal/mol) of the series CoQ;_, in the oxidized and reduced forms. The
dotted line represents energy levels of the unfolded conformations, proportional to the numbers of isoprenoid
units. The inset exhibits a molecular dynamics simulation at constant temperature showing the three structures
having the lowest energy levels.
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TABLE 1.1
Experimental and Calculated Diffusion Coefficients of Some CoQ
Homologs
Theoretical Experimental
CoQ Homologs V(A3) (Folded) D,(10-7cm?/s) D;(10-7cm¥/s),
(Folded) (Linear)
o)} 191.0 _ 50 33.0
Qs 595.8 447 205 85
Qg 676.3 1.29 53 32
Quo 531.7 7.98 09 39

®Experimental D, were obtained by fluorescence quenching of a pyrene-phospholipid deriv-
ative (cf. Di Bernardo et al., 1998).

isoprenoid chain is at 4 isoprenoid units; the bond energy of the ubiquinone molecule as a function
of isoprenoid chain length gives a plateau at the same number of 4 isoprenoid units. No significant
difference in these parameters was found for oxidized and reduced ubiquinones. These results are
in agreement with EPR and ENDOR studies on Q semiquinones.®’ On the other hand, in a recent
study combining different biophysical techniques, Gomez-Fernandez et al.5! suggested that the
location of Q in the center of the bilayer might be forced by formation of head-to-head aggregates.
However, a similar result could be achieved by a folded conformation.

There are important implications of a folded structure. First, protein binding during electron
transfer may require unfolding, contributing to a high activation energy and low collision efficiency
of electron transfer. Moreover, the similar sizes of short and long homologs would explain the
similarity of diffusion coefficients found in our laboratory for al quinone homologs™®6? (Table 1.1).

Gupte et al .5 measured the D, of afluorescent derivative of adecyl-Q analog by FRAP, reporting
avaue of 3« 107° cm?/s; the same coefficient was found® using a fluorescent derivative of the
natural homolog Q,,. On the other hand, in protein-free lipid vesicles, the D, of the short derivative
used by Gupte et al. was 3 « 108 cm?/s,54% one order of magnitude faster, in accordance with the
lack of the obstructing effect of proteins in the diffusion path.>

Exploiting collisional fluorescence quenching of membrane-bound fluorophores by oxidized
ubiguinone homologs, Fato et a.5? calculated D, > 10-¢ cm?/sin both liposomes and mitochondrial
membranes, using calculations to account for the partition and effective concentration of the
guencher in the membrane and using the Smoluchowski relation [Equation 1.6] for calculating D,
from the second order rate (quenching) constants. Subsequently, using Eq. 1.7, Blackwell et a.°
cdculated D, > 10~7 cm?/s for plastoquinone in lipid vesicles. Using the latter relation, Lenaz et al.%
recalculated D, of 4 « 10~7 cnm?/s on their previous experiments, and found additional evidence for
values in that range.”

By exploiting an electrochemical techniquein artificial lipid bilayers, Marchal et a.®® measured
D, of 2 « 1078 cm?/s, two to three times smaller than the corresponding values for lipids in the
same bilayer.®® This unexpected finding points out that the bilayer used may not represent areliable
model of a natural membrane.

The obstructing effect of proteins on diffusion was found by Blackwell and Whitmarsh™ also by
the quenching technique, however, it was not confirmed by Di Bernardo et al.% either in phospholipid-
reconstituted cytochrome oxidase or in bovine submitochondrial particles.

The differences between D, measured by FRAP and fluorescence quenching are very large and
can be only partly ascribed to their different range of measurement. In mitochondrial membranes,
the high protein density may affect long-range diffusion measured by FRAP more than short-range
diffusion measured by fluorescence quenching.?* Quinone binding to proteins might be responsible
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for retarding diffusion, but this retardation would increase proportionally to the length of the diffusion
path measured.

Inlipid vesiclesthereis still one order of magnitude difference between FRAP and fluorescence
guenching in measuring Q diffusion. The explanation of this discrepancy may be in the different
range explored by the FRAP and quenching techniques, or in the fact that FRAP has been performed
using modified quinones that are presumably located on the membrane surface, where the effect of
obstacles may be much more pronounced.® In fact, the FRAP technique requires the use of fluo-
rescent derivatives of the quinones, which were found to have a nonfolded conformation in our
molecular simulation. Such a conformation is compatible with only very slow diffusion rates accord-
ing to the free volume theory. Moreover, such astructureislikely to move on the membrane surface,
where the rate of void formation is much lower than in the midplane and the viscosity is therefore
very high.

Ubiquinone diffusion measured by fluorescence quenching is not affected by the viscosity of
the outer medium®? in accordance with its location in the hydrophobic core of the membrane (e.g.,
53) and then not subjected to drag from the outer medium.”* Hackenbrock et al.*> reported that
high sucrose retarded Q diffusion measured by FRAP. This effect, however, may be secondary to
membrane physical rearrangements due to the dehydrating effect of poly-hydroxy-alcohols’?73
decreasing the availahility of voids for the migration of the quinone in the lipid bilayer.”

1.4 DIFFUSION COUPLING OF UBIQUINONE

The first proposal that Q functions as a mobile electron carrier was made by Green® on the basis
of the isolation of discrete lipoprotein complexes of the respiratory chain, of which the quinone was
asubstrate in excess concentration over the prosthetic groups in the complexes, and was subsequently
supported by the kinetic analysis of Kroger and Klingenberg.” They showed that steady-state
respiration in submitochondrial particles from beef heart could be modeled as a simple two-enzyme
system, the first causing reduction of ubiquinone and the second causing oxidation of ubiquinal.
If diffusion of the quinone and quinol species is much faster than the chemical reactions of Q
reduction and oxidation, the quinone behaves kinetically as a homogeneous pool. According to this
assumption, during steady-state el ectron transfer, the overall flux observed (V,.o) will be determined
by the redox state of the quinone and described by the pool equation

Vobs =(Vred ° Vox )/ (Vred + Vox) (117)

This expression was verified under awide variety of input and output rates and establishes that
Q distributes electrons randomly among the dehydrogenases and the bc, complexes, behaving
indeed as a freely diffusable intermediate. The hyperbolic relation of electron flux on the rate of
either Q reduction (V,o) or QH, oxidation (V,,) was confirmed in a variety of systems.”677

1.4.1 UBIQUINONE SATURATION KINETICS

If the Q concentration is not saturating for the activity of the reducing and oxidizing enzymes, the
equation is modified’” by feeding it in the Michaglis-Menten equation for enzyme kinetics, taking
into account Q, concentration, the individual V,,,, of the dehydrogenase and bc,, and their dissoci-
ation constantsfor Q. V,,ishyperbolically related to [Q] and maximal turnovers of electron transfer
are attained only at [Q] saturating both V,, and V.2

Direct titrations of Q-depleted mitochondria reconstituted with different Q supplements yielded
a“K," of NADH oxidation for Q, in the range of 2-5 nmol/mg mitochondria protein,” corre-
sponding to a Q, concentration of 4 to 10 mM in the lipid bilayer. The “K,,” in the composite
system is a poised function of V. and dissociation constants for Q of the complexes involved.
This “K,,” can therefore vary with rate changes of the complexes linked by the Q-pool, but is
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nevertheless an important parameter, in that it is operationally described as the Q, concentration
yielding half-maximal velocity of integrated electron transfer V,,.”?Analysis of the literature shows
that the physiological Q content of severa types of mitochondria® is in the range of the K, for
NADH oxidation, and therefore not saturating for this activity.

In contrast to NADH oxidation, the “K,” for succinate oxidation for Q, was found one order
of magnitude lower,” athough Norling et al.8! had found similar values for the two systems.

The relation between electron transfer rate and Q concentration was seen in reconstituted systems
and in phospholipid-enriched mitochondria for NADH oxidation.82& Although NADH oxidative
activities higher than the physiological rates could be attained by enriching the membranes with
extra ubiquinone, the theoretical Vyugma CaNNOL be reached experimentally. The reason could be in
the limited miscibility of ubiquinone with phospholipid bilayers. Two-phase systems are formed
just above the physiological Q concentration;>"8485 clustered ubiquinone would be kinetically inac-
tive, and clustering would impose an upper limit on the electron transfer rate in the Q region.

Q-pool behavior does not exclude the existence of an aliquot of quinone molecules that are not
fredly diffusable but are tightly bound to the complexes. Evidence exists for bound quinones®® and
for Q-binding proteins within the complexes.” Bound ubiquinone participates in intracomplex
electron transfer as a prosthetic group of the enzymes, and actually much evidence was obtained
in favor of semiquinone forms stabilized by protein binding. This bound quinone is a prerequisite
of the mechanisms of electron flow in the bc, complex® and in Complex 1.8

1.4.2 DEeTerRMINATION OF THE KINETIC CONSTANTS OF ENzYMES USING
HYDROPHOBIC SUBSTRATES

The investigation of diffusion control is mainly based on the evaluation under different conditions
of the k,/K,, ratio, in which a concentration unit is present.

Several membrane-bound enzymes utilize hydrophobic substrates reacting with the active sites
from within the lipid bilayer. Their kinetics are complicated by incomplete knowledge of the true
substrate concentration in the membrane. In some cases, partly water-soluble substrates are used
to overcome the difficultiesin handling the hydrophobic natural substrates. These homologs partition
from the agueous medium into the lipid phase, where their concentration is a function of their
partition coefficient and of the relative fraction of the membrane volumesin the total assay medium.

Kinetic methods to calculate the true Michaelis constants of hydrophobic substrates and the
partition coefficients in the membrane or in detergent micelles have been implemented by perform-
ing saturation kinetics experiments at different membrane fractional volumes.®91.92 Using this
approach, Fato et al.* obtained the following relation:

Ky = (K — K IP) + K, /P (1.18)

app

where K,,, is the experimental apparent K, which on its hand is related to the true absolute K,
K", to the partition coefficient P and to the relative volume « (volume lipids: volume water).

A plot of K, vs. « allows the simultaneous determination of both the partition coefficient P
and the true K, of the enzyme. The K, as well as the substrate concentration, may be expressed
in mol « I-* of membrane lipids (or, alternatively, as the mole fraction of substrate in the membrane
lipids).

If the substrate molecules interact with the active site of the enzyme from within the bilayer,
addition of extra lipids to the assay medium increases the value of « by increasing the lipid phase
and decreases the substrate concentration (although increasing its total amount) in the lipid phase,
resulting in the observation that K,,, increases with an increase in the concentration of total lipid
in the assay medium.
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1.5 ROLE OF DIFFUSION IN THE OXIDATIVE
PHOSPHORYLATION SYSTEM

In the oxidative phosphorylation machinery, diffusion of substrates and substrate-like molecules
should play arole in the following compartments. (8) NAD*/NADH, most substrates for the dehy-
drogenases, and ADP/ATP in the matrix; (b) ubiquinone in the lipid core of the inner membrane;
(c) cytochrome ¢ and glycerol-3-P in the intermembrane space (with glycerol-3-P dehydrogenase
being the only primary dehydrogenase with its active site on the cytoplasmic side).

Both mobile intermediate components of the respiratory chain, ubiquinone and cyt. c, have
been considered for diffusion control.’> They are respectively contained in the inner membrane
lipid bilayer and in the intermembrane space, and the sources of possible diffusional constraints
are obvioudly different. In the case of ubiquinone, the viscosity of the membrane!® and the crowding
of the diffusion path by proteins?® are possible sources of dowing diffusion. As for cyt. ¢, it is
contained in the intermembrane space; being a basic protein, it can engage electrostatic binding
with the inner membrane,® both with phospholipids and with protein components of Complexes |11
and V. The cyt. c interacting with phospholipids diffuses laterally on the membrane surface in two
dimensions. At high ionic strength, however, the diffusion changes progressively to pseudolateral
and totally three-dimensional.*®> This behavior is obtained in mitoplasts where the bulk ionic strength
is changed by KCI. Although it is reasoned that high KCI may be present in the intermembrane
space, with it being in contact with the cytoplasm, it is not clear what the behavior can be of this
protein in a highly crowded environment. It must be considered that the intermembrane space is a
virtual space under most physiological conditions, containing several other soluble proteins besides
cyt. c itself, and hosts the peripheral cytoplasmic domains of the intramembrane complexes. The
ionic activity in such a space is difficult to evaluate, and doubts may be raised on the likelihood
of free tridimensional diffusion for cyt. c. The possibility of small restricted oscillations between
the active sites of cyt. ¢ reductase and oxidase should be considered. The relevance of these studies
to the physiological situation is still uncertain, at least where the role of diffusion is questionable.

1.5.1 DirrusioN CoNTROL OF INDIVIDUAL REDOX REACTIONS

Although many investigations were made on diffusion-limited steps in the activity of soluble
enzymes, few studies are available on possible diffusion-limited steps in membrane enzymes.

In astudy of solubilized cytochrome oxidase using media of different viscosities, Hasinoff and
Davey® found that the interaction of reduced cyt. ¢ with the enzymeis partly diffusion-controlled.

The interaction of the membrane-bound bc, complex with its substrates, ubiquinol and cyto-
chrome c, was studied by Lenaz.6”% The diffusion-limited collisional frequency of ubiquinol with
the complex, calculated using the Smoluchowski relation or analogous two-dimensional equations
is>108 — 10° M~1st using as D, for ubiquinol, the short-range value of 10-7 to 10-6 cm?/s. This
corresponds to about 108 collisions s=* cm~2. The corresponding values obtained by Hackenbrock
et al.,’> using a diffusion coefficient for ubiquinone of 3 X 10-° cm?/s obtained by FRAP, were in
the range of 10 to 10* collisons s~ cm~2.

Ubiquinal cyt. ¢ reductase activity in mitochondrial membranesis necessarily investigated using
short-chain ubiquinol homologs,® which dissolve in the membrane by partitioning from the water
phase before reaching the active site. Using the method of Fato et al.® to calculate the true K,
expressed as substrate concentrationsin the membrane, by performing saturation kinetics at different
membrane fractional volumes in the medium, the true k;, = k/K,, were in the range of 1.8 X
10* M~1s71 for ubiquinol-1 and 6.3 X 10* M~1s~1 for ubiquinol-2.%*

The only rate constant available for the natural ubiquinol-10, measured in bacterial chromato-
phores after flash activation of the reaction center, is 3 X 10° M~1s71.% The same value is obtained
by calculating k.,/K,, for ubiquinol-10 in beef heart mitochondria using the turnover number of
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370 s7146 and the K, for ubiquinol-10 of 0.6 nmol/mg protein,®” corresponding to ca. 1.2 mM in
the lipid phase.

These values of the bimolecular rate constants of enzyme-substrate association are orders of
magnitude smaller than the diffusion-controlled collision frequencies (as obtained from the fluo-
rescence quenching experiments); thus, either the process is reaction-controlled or it is diffusion-
controlled with very low collision efficiency.

The dependence of the k/K,, ratio in membrane-bound ubiquinol cyt. ¢ reductase on the
viscosity of the agueous medium, varied by agents increasing viscosity, and investigated by Noyes,
plots according to Eqgs. 1.7 and 1.8, showed the presence of negligible diffusion control component
for ubiquinol-1 and -2, whereas most of the k., /K., ratio for cyt. ¢ appeared to be diffusion-limited.%
The diffusion-limited component for cyt. ¢ was exhibited at both low and high ionic strength,
indicating that both bidimensional and three-dimensional diffusion were rate-limiting.

The K, increase of the reductase for cyt. ¢ at increasing viscosity was concomitant with an
apparent decrease of the K, for ubiquinol. The increase of K, for the more limiting substrate,
accompanied by a decrease of K, for the less limiting substrate, was described as typical for an
enzyme using two substrates limited by diffusion of one of them.®® This behavior agrees with the
hypothesis that cyt. ¢ diffusion is limiting for ubiquinol cyt. c reductase.

The presence of diffusion limitations for water-soluble substrates in immobilized enzymes was
widely investigated. Diffusion limitations in unstirred layers or in the matrix of immobilized
supports lead to nonlinear saturation kinetics (e.g., 100), K, increase for the more limiting substrate
accompanied by K, decrease for the other,®® and discontinuities in the Arrhenius plots with
decreased activation energy at high temperature.l®* All of these properties have been found in
ubiquinol cyt. ¢ reductase in situ in mitochondrial membranes.® In particular, discontinuous Arrhe-
nius plots are a characteristic feature of membrane-bound enzymes.*11°2 Other possible reasons for
breaks in Arrhenius plots are changes in the rate-limiting step in the chemical reaction path,
temperature-dependent conformational changes, phase changes of the phospholipids, or viscosity
becoming rate-limiting for conformational flexibility.1®® The break found in the Arrhenius plot of
the apparent V,,,, of ubiquinol cyt. c reductase in the membrane state (but not in the isolated form)
was discovered to have originated from the steep increase of the K, for cyt. ¢ with temperature,
resulting from diffusion control.%

The Arrhenius plots of the k;, (k/K,) of ubiquinol cytochrome c reductase either in situ or
embedded in liposomes were linear for both ubiquinol-2 and cyt. ¢, with activation energies of 5.7
and 1.3 kcal/mol, respectively. The activation energy of K.,yusiquinoy Was even higher (14 kcal/mol)
when evaluated for ubiquinol concentration in the lipid phase. The activation energy of Knqto
closely agrees with that of agueous diffusion of water-soluble molecules, confirming that cyt. ¢
diffusion may be rate-limiting. On the other hand, the activation energy of short-range Q diffusion,
calculated by fluorescence quenching, was 1 to 2 kcal/mol 2 in contrast with the much higher value
for Kuinwbiquinay. Higher values (9 to 12 kcal/mol) were reported by Chazotte et al.* for long-range
Q diffusion by FRAP, compared with those found by fluorescence quenching. In the case of an
individual enzyme, there is no doubt that only short-range diffusion of its substrates is meaningful.
It appears from the large difference existing between the activation energy of short-range Q diffusion
and that of k;, for ubiquinol of ubiquinol cyt. ¢ reductase that the collision frequency is much
greater than the observed association rate constant. This argues against the activity of ubiquinol
cyt. ¢ reductase to be limited by ubiquinol diffusion to the active site. The same conclusion was
reached by Crofts® studying the activation energy of cyt. b reduction by endogenous ubiquinol in
ubiquinol cyt. ¢, reductase of Rps. sphaeroides.

Cholesterol incorporation in the membrane of submitochondria particles or in liposoma bc,
complex, by enhancing bilayer viscosity, lowered D, for ubiquinones,f2% but had no effect on either
Keat OF Keninquniuinony- 1t iS Unlikely that the enzyme was confined into fluid patches of pure phospholipids
separated from cholesterol. In fact, the cholesterol level incorporated in the bc, proteoliposomes
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TABLE 1.2
Evidence Concerning Diffusion Control Steps in Ubiquinol Cyt. c Reductase
in Situ in Bovine Heart Mitochondrial Particles

1. Ubiquinol (using ubiquinol-2)

a)  kea/Ky =2-5 X 108 M~1s7? calculated in assay medium but only ~1-3 X 10* M~1st
calculated in the lipid phase compared with collisional frequency of 10° M~is~tin the lipid
phase

b)  High temperature dependence of k.u/K(~14(Kcal/mol) calculated in the lipid phase)

c) Little dependence on viscosity of the assay medium
d) No dependence on membrane viscosity as changed by cholesterol (compared with lowered D))

2. Cytochrome c
kea/Km 8 X 107 M~1s7t
b) Increased K, from soluble enzyme to membrane-bound enzyme
c) Low temperature dependence of K.4/K, (1-2 Kcal/mol)
d) High dependence on viscosity of the assay medium

(1:2 molar ratio with phospholipids) should allow a uniform distribution of the sterol in the bilayer,1%
although Chazotte et al.1% found evidence of lateral phase separations in dimyristoyl lecithin/cho-
lesterol bilayers. Alternatively, however, the mitochondrial membrane fluidity could be increased
in S. cerevisiae by changes in the fatty acid unsaturation index obtained by growing the cells at
low temperature, with the expected increase of Q diffusion.®” Under such conditions, however, no
changes in Kynusiquinoy COUld be observed.

The conclusion was reached that ubiquinol cyt. ¢ reductase has a diffusion-limited component
for agueous diffusion of the acceptor substrate, cyt. ¢, but is not limited by membrane diffusion of
the donor substrate, ubiquinol (Table 1.2).

A subsequent study on bovine heart Complex | (NADH CoQ reductase)'® demonstrated that
thek.,, for CoQ, is 4 orders of magnitude lower than the bimolecular collision constant cal culated
from fluorescence quenching of membrane probes. Moreover, the activation energy calculated from
Arrhenius plots of k., is much higher than that of the collisional quenching constants. These
observations strongly suggest that the interaction of exogenous quinones with the enzyme is not
diffusion controlled; likewise, as analyzed for Complex 111 (see above), the interaction with endog-
enous CoQ,, is also not limited by its diffusion in the membrane.

1.5.2 DirrusioN CoNTROL OF INTEGRATED ELECTRON TRANSFER

It may be reasoned that ubiquinone diffusion, though not rate-limiting for the individual Q-reactive
enzymes, becomesrate-limiting in theintegrated function of the Q pool, where the overall combined
activity of two enzymes is constrained by the new parameter of intercomplex separation directing
the reduced Q molecules toward Complex |11 and the oxidized ones back to Complex | or II. The
diffusion path is run in a time proportional to the square of the intercomplex average distance.
Whereasin the individual enzymic activities short-range diffusion (<10 nm) isinvolved, in integrated
electron transfer, the diffusion process takes place on a average over a path of several nanometers.
From the concentrations of electron transfer complexes in the mitochondrial membrane, average
distances can be cal culated through which the randomly distributed redox components must diffuse
to effect a consecutive reduction and oxidation (Lenaz, 46) (Table 1.3).

A rough calculation indicates that in an area of 900 nm?, scanned by a reduced Q molecule
leaving Complex | to reach Complex |11, assuming a distance of 30 nm, there are about 12 protein
molecules and 800 lipid molecules, if lipids occupy 60% of the total area. According to Eisinger
et al .2 the long-range diffusion coefficients are slowed in proportion to the area covered by obstacles
and to the reciprocal of their size. For a relative protein area of 40%, with obstacles equated with
hexagons having sides of length three times the lipid-ipid separation (equivalent to proteins having
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TABLE 1.3
Average Distances Between Respiratory Complexes in Bovine Heart
Mitochondria (cf. Lenaz 1988)

Total Concentration of Redox Minimum

Complexes? (molecules/cm? Distance between
Redox Complexes membrane) X 1010 Complexes (nm)®
Complex | 2.6-5.2
Complex Il 10.8-22.8 1927
Complex Il 8.2

18-22

Complex 111 10.8-22.8
Complex 111 10.8-22.8 1216
Complex IV 25.8-43.9

a Calculated from the contents given by Capaldi (1982), assuming phospholipids with an
average molecular weight of 750 Kda to occupy an area of 70 A2/molecule (corresponding
to 70 A%/two molecules in alipid bilayer).

b Calculated by the formula (c; + ¢,) %2, where ¢; and ¢, are the concentrations of the two
partner complexes in molecules’cm? membrane.

aradius of 2.4 nm), the long-range diffusion coefficient of a molecule dissolved in the lipid phase
would be lowered to 1/3 of the unobstructed value.

In accordance with the above theory, Hackenbrock et a .25 reported that lipid diffusion isenhanced
about fourfold by a sevenfold phospholipid enrichment of mitochondrial membranes. On the
contrary, Schindler et al.,»*” also using FRAP in E. coli reconstituted membranes, found that on a
range of protein concentration of 0-60% by weight, D, for phospholipids remained essentialy
constant, whereas D, for lipopolysaccharide decreased over tenfold. Although the concentration
and hence the cross-sectional area of integral proteins must be essentially similar in mitochondrial
membranes and in E. coli reconstituted membranes, it appears from the two studies that phospho-
lipid mobility was more severely affected by protein concentration in the study by Hackenbrock et al.

A possible explanation may lie in a stronger interference of the indocarbocyanine dye used by
Hackenbrock et al.’> with the peripheral portions of the proteins in comparison with the nitroben-
zoxadiazole derivative used by Schindler et al.,’%” in line with a lower D, of the formeri® and with
the Saffman-Delbriick dependence on viscosity of the outer medium. The same hypothesis would
explain why diffusion of lipopolysaccharide, having a wide extramembrane moiety, is dramatically
inhibited by increased protein concentration.

The uncertainties of the significance of protein crowding on obstruction of the diffusion path for
small hydrophobic molecules like ubiquinone do not allow us to predict from either short-range and
long-range diffusion coefficients, whether electron transfer in the inner mitochondrial membrane is
diffusion controlled.

Hackenbrock51%° gpproached the problem kinetically by comparing the temperature dependence
of the overall steps (diffusion plus chemical reaction) in the Complex I1-ubiquinone-Complex 111
span in the uncoupled inner membrane. The activation energy for the overall diffusion steps for
the 11-Q-l11 span was calculated to be 12.2 kcal/mol, as compared with E, of 12.9 kcal/mol for
succinate cyt. ¢ reductase activity. The finding was interpreted as compatible with diffusion control
of this electron transfer span. Furthermore, when the protein-ipid ratio was decreased by phos-
pholipid enrichment, the activation energies of both lateral diffusion and electron transfer decreased
in proportion to the degree of enrichment. The uncertainties concerning the role of the Q pool in
succinate oxidation and the effect of the Q substrate dilution on activation energy of the enzyme
rate (not the substrate-enzyme associ ation rate constant) make these conclusions doubtful . Similarly,
Hackenbrock concluded that the rate-limiting step of duroquinol oxidase activity is the diffusion
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step of cyt. ¢ to cytochrome oxidase. The increase of the rate of electron transfer catalyzed by cyt. ¢
by increased ionic strength was taken to mean that the diffusion rate-limiting step of cyt. c is
relieved by shifting from two- to three-dimensional diffusion.

Theinterpretation of studies concerned with activation energies alonein complex systemsis subject
to considerable uncertainty, considering that most mitochondrial enzymes that do not use ubiquinone
have a smilar range of E,.** The activation energies of integrated electron transfer activities using the
Q pool areusually within arange closeto the E, of anindividual enzyme asubiquinol cyt. ¢ reductase.*

Although adiffusion-limited component may appear in the activity of individual enzymesworking
at very high turnover numbers (cf. previous section for cyt. c), when electron transfer is integrated
through a common substrate pool, the overal turnover is strongly decreased, reflecting the turnover
of the dower enzyme, according to the pool equation”™ and compensating for the possible effect that
the obligated distance between complexes using a common intermediate (vs. ubiquinone) imposes
on the overal activity. Thus, the integrated reaction would not be diffusion controlled.

The time for a particle to diffuse to a small target in two dimensions is related to the logarithm
of the ratio between distance and diameter of the target, according to Eq. 1.12. For adistance of 30 nm,
taking D, of ubiquinone = 4 x 10-7 cm?/s at room temperature and assuming a diameter of the
active site of Complex |1l of 1 nm, the time for a Q molecule reduced by Complex | to reach
Complex Il would be 30 us; for a turnover of 50 st (i.e., 20 ms per turnover), close to the
physiological rate of NADH cyt. ¢ reductase at room temperature, this time corresponds to over
600 collisions with the active site per turnover. The theoretical calculations show that the diffusion
limit could be reached only at high turnovers or the chain or over largely increased distances. Using
D, of 5 x 107° cm?/s obtained by FRAP, there is till an excess of 7 collisions per turnover.

Assuming a random distribution of the complexes in the lipid bilayer, the increase of the phos-
pholipid content with respect to protein is equivalent to increasing the average distance between
complexes. Using this approach for Complexes | and 111 in reconstituted liposomes, Parenti Castelli
et al.*0 found that NADH cytochrome c reductase activity is not decreased by increasing intercomplex
distance up to 108 nm, at an experimental maximal turnover of 50 s~%. Using Eq. 1.12, this turnover
correspondsto alower limit of D, of 1.1 X 10-8 cm?/sin adiffusion-limited reaction having acollision
efficiency of 100%. Also the experiments in phospholipid-enriched mitochondria®? confirm that phos-
pholipid enrichment has no effect on electron transfer provided that the Q concentration is maintained
constant by enriching the membranes with liposomes containing ubiquinone as well.

In afurther study>® the distance between complexes was increased by dilution with increasing
amounts of phospholipids. A crude mitochondria fraction containing Complexes | and |11 was fused by
detergent dilution with phospholipids containing different CoQ,, concentrations. The increased
distance was checked by freeze-fracture electron microscopy, showing that the intramembrane
particles were indeed randomly dispersed in the membrane. The experimental distances between
intramembrane particles and those expected by cal culation from the concentration of the complexes
and of the phospholipids were found to closely agree.

The NADH cyt. ¢ reductase activity was affected only at phospholipid contents corresponding
to distances over 100 nm between Complex | and Complex I1I. Theoretical calculation of the
collisional frequencies with Complex 1Il of CoQ reduced by Complex | by the Berg relation at
different D, and comparison with the experimental turnovers excluded the possibility of diffusion
coefficients of 10~° cm?/s, as reported by FRAP studies, even at the collisional efficiency of 100%,
which is obviously extremely unlikely. Coefficients of 10~7 cm?/s as those we reported are more
in line with the experimental turnovers and a low collision efficiency (Figure 1.3).

Using a different approach, Mathai et al.” observed that activities depending on the Q-pool
are osmotically sensitive, and came to the conclusion that high sucrose prevents formation of voids
required for Q diffusion. The result is probably due to the dehydrating effect of sucrose.”? The
lowering by sucrose of diffusion of a fluorescent labeled fatty acid probe was taken as a model
behavior for Q diffusion. Since the analogy of diffusion behavior of lipids and Q is questionable,®
the assumption that electron transfer is rate-limited by Q diffusion is also not proven.
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FIGURE 1.3 Comparison between the experimental turnovers obtained for NADH cyt. ¢ reductase activity
and the theoretica calculation of the collisiona frequencies with Complex 111 of CoQ reduced by Complex I,
calculated according to Berg and Purcell (31) at different D, and assuming a collisional efficiency of 100%.
(*) experimental; (A) assuming DI of 10-7 cm?/s; (O) assuming D, of 10~° cm?/s. The data in abscissa are
distances between Complex | and Complex Il calculated from the contents of the complexes at different
phospholipid concentrations.*

Another approach to the problem of diffusional control has been to simulate the function of
the respiratory chain by establishing a program of random walk of the respiratory carriers in the
lipid bilayer. The program, created by G. Palmer, generates a rectangular matrix of 324 points,
associating each of them by a random procedure to the respiratory complexes and mobile carriers
according to their known sizes and concentrations in the inner membrane of rat liver mitochondria,
starting with all components oxidized except Complex |, assumed to be 8% reduced. The program
moves the particles according to their bidimensional diffusion coefficients and therelation s* = 4Dt.

Using aD, for Q of 4 X 10-7 cm?/s and a collision efficiency of 0.2% with its redox partners,
we obtained a kinetic trace for reduction of the respiratory chain components compatible with
available data. In this way we have determined a pseudo-first-order rate constant for CoQ reduction
of 180 min~! and a half-time of 231 ms.>°

We have experimentally confirmed the reduction kinetics of endogenous CoQ by NADH in rat
liver submitochondria particles by presteady-state kinetics using a rapid quenching method.>® The
pseudo-first-order kinetics gives ahalf-time of about 350 ms, in good accordance with the simulation.

In conclusion, it is clear that membrane fluidity is a prerequisite for diffusion of proteins and
other molecules in membranes. However, diffusion-coupled processes do not appear, in general, to
be significantly diffusion-controlled.“¢ The possible presence of a diffusion-limited step in the
interaction of cyt. ¢ with its redox partners, ubiquinol cyt. ¢ reductase and cytochrome oxidase,
may not be extended to the situation when the overall respiratory chain is operative. In the intact
cell, when the two mitochondrial membranes are tightly apposed, the crowded intermembrane space
may forbid cyt. c to freely diffuse, and local pools of cyt. ¢ oscillating between closely packed
enzymes may be responsible for electron transfer.
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1.5.3 CoNcLusioNs ON THE MEcHANISMS OF ELECTRON TRANSFER CONTROL

Mobility of the electron transfer components in the mitochondrial respiratory chain represents the
main prerequisite for electron flux. A large body of experimenta data in isolated mitochondria
membranes demonstrated that ubiquinone and cytochrome ¢ may be used during electron transfer as
substrate-like mobile components. In the respiration occurring in intact mitochondriain the functional
cell, however, thereisno experimental evidencethat el ectron transfer behaves according to completely
random collisions. Only double inhibitor titrationst! have dealt with the problem of mobile interme-
diatesin intact phosphorylating mitochondria. From those studies, doubts were raised as to the “ pool”
behavior of cyt. c. From studies on the relations existing between Complexes |1 and 111, the possibility
of a nonrandom arrangement or even of stoichiometric association can be seriously advanced.

Thus, evenif the diffusion coupling principlefor electron transfer cannot be generally dismissed,
exceptions may be present that strongly complicate the dynamic picture of the respiratory chain.

Although diffusion seems at the least to be an important parameter of respiration, no conclusive
evidence is available as to whether it represents a rate-limiting step. Control of respiration exerted
by ubiquinone and cyt. ¢ diffusion was proposed by Hackenbrock as one of the postulates of his
“random collision model,” but the experimental evidence available is probably more against than
in favor of diffusion control of respiration.

Among the factors contributing to the rate-limiting step(s) of respiration, the concentration of
ubiquinone was found to be of importance in NADH oxidation. In fact, ubiquinone concentration
is not saturating for NADH oxidation under physiological conditions. This means that any decrease
of ubiquinone concentration in mitochondria inevitably induces a decrease in respiratory activity.

The decrease expected in respiratory activity when the ubigquinone concentration in mitochon-
driaislowered may rationally explain the accumulating literature on clinical efficacy of the quinone
exogenously administered in several pathological states (cf. 112).
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2.1 INTRODUCTION

Coenzyme Q is a fat-soluble component of electron transport chains and, in consequence, it tends
to partition into lipophilic organelles of the body such as membranes, lipoproteins, and fat. The
coenzyme content of the different organelles varies but the mechanism responsible for regulating
the distribution of coenzyme Q is presently unknown. The primary role of coenzyme Q isto transfer
electrons between redox components of electron transport chains and thereby to create proton
gradients across membranes.t? Additional functions are to act as lipid antioxidants, either directly
in its reduced form,®* or to recycle radical forms of vitamin E.5

Coenzyme Q is an amphipathic molecule so that in addition to its tendency to partition into
lipophilic organelles, it also has a preferred orientation within these structures. Thus the hydroxyl
substituents of the benzoquinone ring of ubiquinol prefers a polar environment, whereas the
polyisoprene chain achieves lower free energy when located in a hydrophobic environment. This
amphiphilic character confers weak detergent-like properties on the molecule, which, in common
with other polar lipids such as are found in membranes and lipoproteins, contributes to the overall
stability of the structure.

The location and orientation of coenzyme Q in membranes is an important factor in the way
it performs its functions. This chapter aims to present evidence on the interaction of coenzyme Q
with membranes and, in particular, its distribution within lipid bilayer structures. This will alow
conclusions to be drawn as to the effects of coenzyme Q on membrane stability and provide insight
into how it performs its different functions.

0-8493-8732-9/00/$0.00+$.50
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2.2 AMPHIPATHIC CHARACTER OF COENZYME Q

The solubility of coenzyme Q in water isvery low and depends directly on the length of the polyisoprene
chain; increasing the chain length decreases the sol ubility in aqueous solvents.® The environment in which
coenzyme Q is located influences spectral properties of the molecule and this has been exploited to
monitor distribution of coenzyme Q in lipid/water systems. The polarity of the environment, for example,
influences the ultraviolet spectral properties and this festure has been used to study the incorporation
and partition of coenzyme Q into lipid bilayer dispersions and membranes.”® Such studies have indicated
that the environment of the chromophore is akin to that of a hydrocarbon such as iso-octane.

The solvation of coenzyme Q has been examined by the effect of different solvents on H-
NMR chemical shiftsof particular residues.® It was found that the addition of dodecane to coenzyme
Q causes a downfield shift of the entire proton resonance spectrum. Solvation by chloroform, on
the other hand, indicates that the protons in the proximity of the benzoquinone substituent are
affected differently compared to the remainder of proton resonances within the molecule. One of
the remarkable features of solvation by chloroform is a significant chemical shift in proton reso-
nances associated with the polyisoprene chain at low solvent concentrations. This effect was
interpreted to indicate that the melt is not an isotropic liquid and that preferred associations between
coenzyme Q molecules are preserved in the liquid phase. The solvation of the polar group may
cause disruption of these associations and different regions of coenzyme Q are then able to interact.
Another feature of solvation by chloroform is that the —OCHj resonances are split when the molar
proportion of solvent to coenzyme Q reaches 5:1. This effect is not observed when coenzyme Q
is solvated by dodecane. An important difference between the oxidized and reduced forms of coenzyme
Q was that the — OCH, resonances of the reduced form were not split when solvated by chloroform.°

More precise information about how coenzyme Q partitions into membranes can be obtained
by observing partitioning between phases of differing polarity. Experiments undertaken with ethanol-
water solutions have shown that when the proportion of water in the solvent mixture exceeds about 10%
by volume, thereis adramatic decrease in solubility of ubiguinone-10.1° Examination of the precipitated
material from ethanol/water mixtures by X-ray diffraction methods showed that there were no solvent
molecules interposed between the isoprenoid chains of the ubiquinone in the ethanol/water phase.

An important consequence of the amphipathic character of coenzyme Q is its ability to orient
as amonomolecular film at an air-water or oil-water interface. Studies of the monolayer properties
of reduced and oxidized coenzyme Q at the air-water interface'! indicate that stable monolayers
are formed, which collapse at pressures considerably ess than phospholipid monolayers. Compres-
sion isotherms of mixed monolayers of coenzyme Q and phospholipid indicate that the coenzyme
Q molecules are squeezed out from between the phospholipid molecules at surface pressures well
below the collapse pressure of the film. The coenzyme Q molecules form alayer on the top of the
phospholipid monolayer. This effect is presumably due to the relatively weak polar interaction of
coenzyme Q with water and consequently their tendency to leave the lipid-water interface.

2.3 INTERACTION OF COENZYME Q WITH MODEL MEMBRANES

Several strategies have been adopted to establish the location and orientation of coenzyme Q in
membranes. Many of these studies have been performed with phospholipid bilayer model mem-
branes on the assumption that coenzyme Q, being alipid, will reside within the polar lipid bilayer
matrix of membranes. Not al lipidsin membranes, however, form bilayer structures when dispersed
in dilute salt solutions at physiological temperatures. The most notable exceptions in animal cell
membranes are the phosphatidylethanolamines and cardiolipins. Coenzyme Q itself is a membrane
congtituent, albeit in relatively low proportions, but as we have seen, it islargely insoluble in water
and forms a separate hydrocarbon phase. The stability of the lipid bilayer matrix therefore depends
on the balance maintained between the polar lipids of different amphipathic character and the
manner in which they interact with each other and the membrane proteins. Two types of studies
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have been performed, one aimed at determining how coenzyme Q interacts with other membrane
lipids and the other to assess the effect of coenzyme Q on the stability of model membranes.

2.4 INCORPORATION OF COENZYME Q
INTO PHOSPHOLIPID BILAYERS

The incorporation of coenzyme Q into bilayers of phosphatidylcholine and the effect that this has on
the phase behavior of the mixture has been examined by differential scanning calorimetry. The method
provides information on how the gel-to-liquid phase transition of the phospholipid is perturbed by
the presence of coenzyme Q.24 These studies have shown that codispersions of up to 20 mol%
coenzyme Q,, in dipa mitoyl phosphatidylcholine showed no significant affect on the temperature or
enthalpy of the main gel-to-liquid crystalline phase transition or pretransition of the phospholipid.
This is shown in Figure 2.1 which shows differential scanning calorimetric heating scans of phos-
pholipid dispersions containing coenzyme Q,, or coenzyme Q,. The scan of the dispersion containing
10 mol% coenzyme Q,, isalmost identical to that of the pure phospholipid dispersion. In the presence
of higher proportions of coenzyme Q,, thermotropic transitions of pure coenzyme Q,, are superim-
posed on that of the phospholipid indicating that the two components are phase separated. The
inference from these data is that up to 20 mol% coenzyme Q,, in the phospholipid does not undergo
normal thermotropic phase transitions nor does it affect the phase behavior of the phospholipid. These
data are consistent with alocation of coenzyme Q,, in the central hydrophobic domain of the bilayer.

2.5 EFFECT OF POLYISOPRENE CHAIN LENGTH

In contrast to coenzyme Q with relatively long polyisoprenoid substituents, molecular species with
isoprenoid chains shorter than 5 cause significant changes in the phase behavior of the phospholipid in
a manner suggesting that they are intercalated between the molecules of phospholipid in bilayer

] ] i 1 i
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FIGURE 2.1 Differential scanning calorimetric heating curves of agueous dispersions of dipalmitoylphos-
phatidylcholine (a) and phospholipid codispersed with (b) 10 mol% coenzyme Q,, (c) 50 mol% coenzyme
Qy (d) 4.5 mol% coenzyme Q,.
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configuration.®® This can also be seen in Figure 2.1 where the presence of only 4.5 mol% coenzyme
Q; apparently removes the pretransition endotherm and broadens out the main transition endotherm.
The interpolation of coenzyme Q molecules with short polyisoprene chains between the phospho-
lipid molecules is presumably dictated by the shift in amphipathic balance within the coenzyme Q
molecule, which serves to anchor the benzoquinone moiety at the agueous interface. Similar studies
of ubiquinol-10 indicate that the reduced form of the coenzyme has a detectably greater affect on
the enthalpy and cooperativity of phospholipid phase transitions, which argues for a more polar
character of the reduced compared to the oxidized form of coenzyme Q.16

2.6 SPECTROSCOPIC STUDIES OF COENZYME Q-
PHOSPHOLIPID MIXTURES

Proton nuclear magnetic resonance spectroscopic studies of coenzyme Q,, codispersed with phos-
pholipid bilayers also have supported the notion that there is not extensive mixing of the two lipids
in such arrangements.%*-1° 1H-NMR spectra of coenzyme Q,, compared with multilamellar dis-
persions of phospholipid containing coenzyme Q,, show a high resolution spectrum of coenzyme
Qo superimposed over a broadened phospholipid spectrum. Thisisillustrated in Figure 2.2, which
shows a spectrum of pure coenzyme Q,, in the isotropic melt compared with a multilamellar
codisperson of 20 mol% coenzyme Q,, in dipalmitoylphosphatidylcholine recorded at 30°C. This
temperature is below the gel-liquid crystalline phase transition temperature of the phospholipid and
the melting point of the pure coenzyme Q,,. From the published peak assignments for proton
resonances of coenzyme Q,,,2° it is found that there is some broadening of resonances in the
isotropic liquid phase of coenzyme Q,,, which can be resolved when the coenzyme is dissolved in
solvent as seen from a 200 MHz *H-NMR spectrum recorded from coenzyme Q,, dissolved in
chloroform. The major difference between the proton spectrum of the melt and solution of coenzyme

ppm

FIGURE 2.2 200 MHz H-NMR spectra of (a) coenzyme Q,, recorded at 50°C and (b) a 30°C; (c) a
multilamellar dispersion of dipa mitoylphosphatidylcholine in 2H,O recorded at 30°C; (d) a codispersion of
20 mol% coenzyme Q,q in dipa mitoylphosphatidylcholine in 2H,O recorded at 30°C.
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Qo is the chemical shift of the substituents of the benzoquinone ring. Thus, the relative chemical
shifts of the —OCH, resonances differ by nearly 0.14 ppm when isoprene methyl protons in the
two samples are assigned the same chemical shift. The resonances in the melt are upfield relative to
the two resonances seen in chloroform, consistent with ring-current effects arising from a close
proximity of the benzoguinone rings in the melt. The spectrum of the ubiquinone-10 codispersed
with phospholipid was recorded below the phase transition temperature of the phospholipid and
hence the proton resonances of this component are broadened and only those resonances from the
choline group are readily resolved. Again, the relative chemical shift of the —OCH, protons of
coenzyme Q,, in this codispersion indicates than the benzoquinone ring systems arein close proximity
and small aggregates of coenzyme Q,, may be the most likely arrangement of these moleculesin
the dispersion. Alternatively, motion of groups within the molecules that take place independently
of the whole molecule, could give rise to sharp peaks. All of the proton resonances of coenzyme
Qo Seen in the melt that are resolved in the mixed phospholipid dispersion have similar relative
intensities suggesting that motion of individual groups within the coenzyme Q molecule, when
dispersed together with phospholipid, is unlikely. Thisis not the case with the phospholipid, in which
the proton resonances of the hydrocarbon chains are broadened out and the residual choline methyl
proton resonances located at 3.2 ppm have arelatively low intensity compared to that in multibilayer
liposomes at temperatures greater than the gel-liquid crystalline phase transition temperature.?
Spectra recorded at temperatures above the gel-to-liquid crystalline phase transition temperature
of the phospholipid showed amarked increase in resonances associated with the hydrocarbon chains
as well as the choline head group of the phospholipid. Moreover, the high-temperature studies
indicated that the environment of the ubiquinone did not change on heating above the phase
transition temperature of the phospholipid, since there was no evidence of any splitting or downfield
shift of the —OCHj, proton resonances.

Integration of the area under selected resonance peaks and comparison of these with corre-
sponding resonances of coenzyme Q dissolved in chloroform provides an indication of the propor-
tion of coenzyme Q that contributesto the high-resolution *H-NMR spectrum in mixed phospholipid
dispersions. Such comparisons show that nearly al of the coenzyme Q in mixtures with synthetic
phospholipids in ratios of 15 mol% or less contribute to the high-resolution signal. This proportion
decreases as the amount of coenzyme Q in the mixture increases. With egg phosphatidylcholine
mixtures, much lower proportions of coenzyme Q contribute to the signal. This result resembles
the proportion of coenzyme Q that undergoes normal melting and crystallization in mixed disper-
sions as revealed by calorimetry.3

2.7 PHASE SEPARATION OF COENZYME Q
IN MODEL MEMBRANES

It has been argued on the basis of measurements of transition enthalpy,'® that virtualy all of the
phospholipid is phase-separated from coenzyme Q in mixed dispersions when the bilayer isin the
gel state. Thisis not consistent with the proposal of Stidham et al.,? that the phospholipid partitions
into a separate phase enriched in coenzyme Q. The model is also inconsistent with 3P-NMR
experiments, which show that virtually all of the phospholipid in the multibilayer dispersions of
coenzyme Q with phospholipid are in abilayer configuration and there is no evidence for a separate
isotropic phase of phospholipid. Apart from differences in the relative motion of the coenzyme Q
contributing to the high-resolution proton resonances and those of the phospholipid, the relative
chemical shift of the — OCHj, protonsindicates that these groups still experience ring-current effects,
but not to quite the same extent as in the melt. This suggests that although coenzyme Q isin a,
so-called, “Q-rich phase,” it is not in a crystalline form and possibly represents that proportion of
the coenzyme Q in the system that is removed from the normal melting and crystallization typical
of the unincorporated fraction.



34 Coenzyme Q: Molecular Mechanisms in Health and Disease

The model that best fits these data is one in which coenzyme Q,, is integrated into phospho-
lipid bilayers in a separate domain, which results in minimum perturbation of the phospholipid
phase behavior. The coenzyme Q molecules interact with one another via stacking of the
benzoquinone rings. The coenzyme Q experiences rapid motion and does not undergo crystalli-
zation at temperatures well below the melting point. The maximum amount of coenzyme Q that
can be incorporated into phospholipid bilayers is about 20 mol%, and in mixed dispersions
containing higher proportions, the excess coenzyme Q appearsto behave asif it were in a separate
phase of pure coenzyme Q.

2.8 SPECTROSCOPIC PROBE STUDIES
OF COENZYME Q LOCATION

Further information about the location of the mobile pool of coenzyme Q in phospholipid disper-
sions has been obtained by the use of agueous and lipophilic complexes of paramagnetic lanthanides
on the proton resonances of the groups within the mixture.?® The lanthanides used in these exper-
iments were dysprosium in awater soluble nitrate salt and as an FOD complex. Studiesin solution
show a selective broadening and an upfield chemical shift of the protons of groups close to the
benzoquinone ring. This region of the molecule represents the major polar domain within the
coenzyme and there appears to be a preferential interaction with FOD complex of the lanthanide.
Line broadening of proton resonances arising from the polyisoprenoid chain is comparatively small
over abroad range of lanthanide concentrations. Similar experiments were undertaken on the effects
of lanthanides on phospholipids in solution and, as with coenzyme Q, the line-broadened and
chemically shifted proton resonances were restricted to groups located adjacent to the polar groups
of the phospholipid, particularly those near the choline residue. With the knowledge of the effects
of these lanthani de shift reagents on the two components of the system, it was possibl e to distinguish
the effects of dysprosium located in the aqueous domain of multibilayer codispersions of coenzyme
Q and egg phosphatidylcholine and dysprosium FOD confined to the hydrocarbon domain of the
mixture. Such experiments showed that with increasing dysprosium FOD concentrations, there was
a progressive broadening of the —OCH, proton resonances but only a slight perturbation of the
choline methyl protons of the phospholipid. In the presence of dysprosium nitrate, however, line
broadening of the choline methyl resonances was much more pronounced than with the FOD
derivative. This suggests that the preferred location of the dysprosium nitrate is in the agueous
phase and dysprosium FOD is confined to the hydrophobic domain of the dispersion. There does
not appear to be significant perturbation of the —OCH, proton resonances by the water soluble
lanthanide, at least when present in concentrations of less than about 60 uM. This suggests that
the benzoquinone substituent has a preferred location within the hydrophobic domain of the
dispersion accessible to the dysprosium complex with FOD.

It has also been suggested on the basis of the effects of NMR chemical shift reagents on mixed
dispersions of coenzyme Q and phospholipid,?® that coenzyme Q,, is in rapid exchange across the
bilayer walls of unilamellar phospholipid vesicles. Nevertheless, sonicated agueous dispersions of
coenzyme Q can form metastabl e aggregates that are small enough and sufficiently mobile to yield
high-resolution H-NMR spectra, which may be interpreted as coenzyme Q molecules rapidly
migrating across the bilayer.?* In other IH-NMR studies,*® the possibility of rapid flip-flop motion
of coenzyme Q across the bilayer of unilamellar vesicles was discounted and it was suggested that
a large fraction of the coenzyme is located in a mobile pool near the center of the lipid bilayer.

Solid-state 13*C-NMR studies have a so been used to determine the location of the benzoquinone
ring system of coenzyme Q in phospholipid bilayers.? It was concluded that the polarity of the
reduced form of coenzyme Q served to locate the ubiquinol ring closer to the lipid-water interface
than was the case with the ubiquinone form, which tended to occupy a central core domain within
the bilayer.
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2.9 FLUORESCENCE PROBE STUDIES

Coenzyme Q in its oxidized form (ubiquinone), but not in its reduced state (ubiquinoal), is an effective
quencher of fluorescence of dyes. Localization of suitable chromophores at defined regions within
phospholipid bilayer membranes can be used, in turn, to localize the benzoquinone moiety of coen-
zyme Q within the structure. This approach has been reported using anthroyloxy derivatives of stearic
and palmitic acids incorporated into phospholipid bilayers.?62” Studies of the intensity of fluores-
cence quenching of these probes by a homologous series of coenzyme Q molecules differing in
length of polyisoprene chain, has indicated that the benzoquinone substituent of shorter chain
homol ogues like coenzyme Q, have access to all regions of the hydrocarbon domain of the bilayer.
Longer chain homologues, by contrast, tend to be localized along a central plane of the bilayer
where the terminal methyl groups of the phospholipid acyl chains reside. This localization is more
apparent when the phospholipid isin the gel phase and greater penetration between the phospholipid
molecules is observed when the bilayer isin a liquid-crystaline state.

The quenching of fluorescence of the mobile probe, diphenylhexatriene, provides more con-
vincing evidence for changes in location of the benzoquinone residue on transition of the phos-
pholipid from gel to liquid crystalline phase. Dynamic fluorescence quenching of membrane-bound
dyes has led to the formulation of a model in which coenzyme Q undergoes trandlational diffusion
in two dimensions within the membrane bilayer with the benzoquinone ring oscillating between
the two bilayer surfaces within the hydrophobic domain, but not extending beyond the glycerol
backbone of the phospholipid molecules anchored at the aqueous interface.

The changesin diffusional motion and domain formation induced by the presence of cholesterol
measured by a fluorescence recovery after photobleaching method is the same for phospholipid as
it is for a fluorescent derivative of coenzyme Q.22 It was concluded from these dynamic studies
that the coenzyme Q analogue does not preferentially reside at either the surface or the midplane of
the phospholipid bilayer, but is highly mobile both laterally and transversely. The average residence
localization is among the acyl chains of the phospholipid where it experiences the same microvis-
cous environment and is affected in the same manner by the presence of cholesterol.

M easurements of polarization of fluorescence of diphenylhexatriene interpolated into phospho-
lipid bilayers containing coenzyme Q, has provided information on the perturbation of the phospholipid
bilayer caused by the presence of coenzyme Q.%° The existence of two distinct populations of the
probe were inferred, both of which could be quenched by the coenzyme. The dynamic motion of
the probe indicated that the presence of coenzyme Q induced a small perturbation of the ordering
of the acyl chains of the phospholipid molecules and a significant increase in the fluidity of the
hydrocarbon domain of the structure.

Another approach to the study of the orientation of coenzyme Q in membranes is to examine
the optical activity of the coenzyme Q chromophore when present in lipid bilayer membranes.s!
Such studies of homologues of coenzyme Q with different isoprene chain lengths distributed in
lipid bilayers were intepreted to indicate that all ubiquinones with an isoprene side chain were
oriented in a mid-plane of the bilayer with their benzoquinone headgroups oscillating transversly
across the membrane and reaching the lipid-water interface.

2.10 VIBRATIONAL SPECTROSCOPIC STUDIES

Vibrational spectroscopy has also been a useful method of probing the location and environment
of coenzyme Q in model phospholipid bilayer membranes. For example, Fourier transform infrared
spectroscopy has proved very useful for investigating codispersions of coenzyme Q with phospho-
lipids.®? Other computer methods allowing spectral subtraction are equally effective in these studies.®
Absorption bands corresponding to CH, antisymmetric and symmetric stretching modes can be
used to determine trans-gauche isomerizations of the acyl chains of the phospholipids in bilayer
conformation. Acyl chain packing and conformation a so affects absorption bands associated with



36 Coenzyme Q: Molecular Mechanisms in Health and Disease

CH, bending and scissoring modes. C—C stretching and low-frequency vibrational modes can be
detected only by Raman spectroscopy and have al so been used to assign phasesto acyl chain domains.

Studies using the Fourier transform infrared spectroscopic method have shown that when
reduced and oxidized forms of coenzyme Q are incorporated into multibilayer vesicles of dipam-
itoylphosphatidylcholine, differences between the redox states of the coenzyme can be detected.?
Changes observed in the bands corresponding to the CH, stretching and scissoring vibrations and
of the C=0 stretching mode of the phospholipid confirmed that the presence of up to 25 mol% of
the oxidized form of coenzyme Q,, does not have a marked effect on the phase transition of the
phospholipid. Reduced coenzyme Q,, a the same concentration, by contrast, significantly alters
the phase transition of the phospholipid causing a decrease of severa degrees in the gel-to-liquid
crystalline phase transition temperature and a broadening of the transition. It was suggested that
the effects were due to a different localization of the oxidized and reduced forms of the coenzyme
in the bilayer membrane.

Localization of coenzyme Q is exemplified by the data presented in Figure 2.3, which shows
the infrared absorption spectrain the region of the CH stretching vibrations from which the signal
obtained from water has been subtracted. Difference infrared spectrawere recorded at 20°C (gel phase)
and at 54°C (liquid crystal phase) and two strong bands|ocated at 2920 and 2851 cm~* are observed.
These bands arise from the CH, antisymmetric and symmetric CH stretching modes of the fatty
acyl chains respectively. Both these absorbances are sensitive to the change in phase of the
phospholipid and become broader and weaker in intensity and shift to higher wave numbers above
the phase transition temperature. This shift is apparent from the different spectrum obtained by
subtraction of spectrum (@) from spectrum (b) in Figure 2.3. The thermal changes in the spectrum
are believed to be due to the decrease in al-trans conformers and a corresponding increase in the
gauche rotameters with increasing temperature. The line broadening of these bands is related to
the increase in rates and amplitude of motion of the fatty acyl chains with increasing temperature.3
Identical spectra were obtained from dispersions of phospholipid without coenzyme Q suggesting
that there was no significant effect of coenzyme Q on acyl chains either above or below the phase
transition of the phospholipid.

Two other absorption bands centerd at 2956 and 2872 cm~1, attributed to CH antisymmetric
and symmetric stretching vibrations, respectively, of the terminal methyl groups of the hydrocarbon
chains of the phospholipid, are also resolved in the spectra shown in Figure 2.3. The band at 2956
cm~1 is the more prominent of the two, but, as indicated from the difference spectrum (spectrum c),
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FIGURE 2.3 Infrared absorption spectra in the C—H stretching region of fully hydrated dipal mitoylphosphatidylcholine
bilayers containing 5 mol% coenzyme Q,,. Spectrarecorded at (a) 20°C; (b) 54°C. Spectrum (C) is a representative difference
spectrum (a — b).
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theintensity decreases when the dispersion is heated above the gel-liquid crystalline phase-transition
temperature. Similar difference spectra of dispersions of pure phospholipid or phospholipid con-
taining 15 mol% did not indicate that the presence of ubiquinone caused perturbation of the
hydrocarbon chains as judged by either C—H stretching of the chain methylene or terminal methyl
groups. An additional broad band centered around 2990 cm~! and attributed to a weak Fermi
resonance interaction between the symmetric methylene stretching mode and the first overtone of
the methylene scissoring mode can also be seen in the scan recorded at higher temperature. The
behavior of this absorbance also appears to be unperturbed by the presence of up to 15 mol%
coenzyme Q in the dispersion.

In order to obtain more precise information about the effect of coenzyme Q on the pretransition
and the main lamellar gel-to-liquid crystalline phase transition of the phospholipid, the temperature
dependence of the frequency of maximum absorbance of the CH, antisymmetric C—H stretching
vibrations have been determined.® It was found that the presence of 15 mol% coenzyme Q caused
a 1 to 2°C decrease in the temperature of the midpoint of the change in frequency of maximum
absorption associated with the main gel-liquid crystalline phase transition. Experiments using lower
proportions (2.5 mol% coenzyme Q) showed approximately the same decrease in temperature of
this parameter. There was no evidence of any differences in the temperature range of the pretransition
of the phosphoalipid. Furthermore, theinflection in the spectrum seeninthe lipid at temperatures between
20 and 25°C, which correlates with a factor group splitting effect observed in the CH, rocking mode,
does appear to be modified by the presence of coenzyme Q asjudged by the temperature dependence
of the half bandwidth of the CH, antisymmetric CH stretching vibration.

Absorption by the benzoquinone substituent of coenzyme Q was detected by spectral subtraction
of dispersions of phospholipid from mixed dispersions of phospholipid and ubiquinone.®® Bands
dueto C=0 stretching and ester group vibrations of coenzyme Q in codispersion with phospholipid
were compared with the same spectral region when coenzyme Q was dissolved in solvents such
as chloroform or dodecane or in the crystalline solid. Differences were observed in the carbonyl
conjugated C=C stretch band with solvent environment compared with the pattern observed in the
same solvent systems on the C=0 stretch band. The frequency of maximum absorbance of this
band in coenzyme Q dispersed in phospholipid shifts to 1613.6 cm~* when dissolved in chloro-
form with some decrease in intensity, and to 1613.4 cm~! in dodecane without loss in intensity.
In crystalline ubiquinone, this band is centred at 1610.6 cm~2. Studies have also been undertaken
in absorption bands centerd at 1088.9 and 1222.8 cm~%, which are assigned to symmetric and
antisymmetric PO,-stretch vibrations, respectively, of the phospholipid polar head group. Difference
spectra of phospholipid containing 15 mol% coenzyme Q compared with the phospholipid disper-
sion alone indicates that neither of the two PO,-stretch vibrations are perturbed by the presence of
coenzyme Q.

Analysis of the Fourier transform infrared spectra of coenzyme Q,, in phospholipid bilayers
and detergent micelles has been undertaken by Castresana et al.% They reported that the C=0
stretching band, which is relatively sensitive to the polarity of its environment, was invariably
located at around 1665.5 to 1667.4 cm~1 irrespective of the physical state of thelipid, and suggested
that coenzyme Q existed in a form similar to that of the pure melted compound. From these
observations it was concluded that coenzyme Q is located in a hydrophobic environment within
phospholipid bilayers in the form of phase-separated aggregates. The aggregates are believed to be
interspersed among the hydrocarbon chains of the phospholipids and of a size smaller than that
capable of representing a cooperative unit that could crystallize at temperatures lower than the
melting temperature of pure coenzyme Q.

Bands with frequencies around 1262 cm~* have been variously ascribed to C—O stretching of
the methoxy groups of the benzoquinone ring or to —C—O— vibrations, both associated with the
quinone function.®- Bands in the region of 1550 to 1750 cm~* and 1200 to 1350 cm~? of the
spectrum of quinones, and which are distinct from carbonyl bands and of higher intensity than in
the corresponding spectra of related hydrocarbons, are generally attributed to coupling of the
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carbonyl stretching with ring skeletal or other vibrational modes in the rest of the molecule.® For
this reason, unequivocal assignments are not possible for these absorption bands in coenzyme Q,
and it has been suggested that the larger contribution to the band near 1260 cm~! is a quinanoid
absorption that masks the methoxy band.* Other bands in this region can, however, be assigned
more precisely to the —O—CHj, group vibrations at around 1202, 1151, and 1101 cm~1,42 but they
are overlapped in this spectrum by the stronger phosphate and ester modes arising from the
phospholipid. The origin of the peaks observed at 1072.7 and 1057.6 cm~! is unknown, and no
bands in this range have been assigned in the spectrum of coenzyme Q, although their intensity is
directly related to the proportion of ubiquinone in the mixture.

Infrared absorption bands of polar bonds in the spectral region 1315 to 1240 cm~* are known
to be influenced by changes in the character of their environment. Spectral changes in this region
associated with coenzyme Q in phospholipid compared with those in solvents suggest that the
benzoquinone ring system islocated within a hydrocarbon domain in dispersions with phospholipid.
There is also an indication from the infrared studies that in codispersions of coenzyme Q with
dipalmitoylphosphatidylcholine, the two lipids phase-separate within the system. Furthermore, there
is no evidence that coenzyme Q intercalates between phospholipid molecules, which appear to
undergo a gel-to-liquid crystalline phase transition in only a slightly modified form in the presence
of coenzyme Q.

2.11 INTERACTION OF COENZYME Q WITH NONBILAYER
FORMING PHOSPHOLIPIDS

Mixtures of coenzyme Q with nonbilayer forming lipids is particularly informative for assessing
its influence on the stability of membranes. Membrane lipids like phosphatidylethanolamines form
so-called hexagonal-11 structures in which the bilayer is replaced by a three-dimensional structure
consisting of phospholipid molecules arranged into tubes packed into a hexagona array. The
tendency of the lipids to form such structures is a function of the amphipathic balance within the
mol ecule. Phosphatidylethanolamines are characterized by low hydration of the polar group, thereby
shifting the amphipathic balance toward hydrophobic affinity. In mixtures with other hydrophobic
molecules, aqueous dispersions of phosphatidylethanolamines are induced to form hexagonal-11
phases at lower temperatures than that of the pure phospholipid.

Recent biophysical studies of codispersions of coenzyme Q with phosphatidylethanolamine
have been reported, which indicate that coenzyme Q has a marked influence on the lamellar-to-
hexagonal-1l phase transition of the phospholipid.*® Differentia scanning calorimetric studies
showed that, like bilayer-forming lipids, coenzyme Q had no significant effect on the temperature,
cooperativity, or enthalpy of the gel-to-liquid crystalline phase transition of phosphatidylethanola-
mine, even when present in proportion of 50 mol%. There was, however, a marked decrease in the
temperature of the lamellar-to-hexagonal-Il phase transition and reduced coenzyme Q had a more
perturbing effect than the oxidized form. The presence of an isotropic phase was identified by 3!P-NMR
in codi spersions containing 50 mol % of reduced, but not oxidized, coenzyme Q at higher temperatures.
Phase separation of acoenzyme Q-rich phase was suggested from small-angle x-ray diffraction studies
of these mixtures.

2.12 ARRANGEMENT OF COENZYME Q
IN BIOLOGICAL MEMBRANES

Fluorescence quenching methods have been employed to locate the domain occupied by coenzyme
Q in mitochondrial and other energy transducing membranes. One of the earliest reports was the
use of anthroyloxy fatty acids to characterize changes in the oxidation state of mitochondria by
monitoring changes in fluorescence induced by collision with the reduced coenzyme Q.* It was
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reported that access of the oxidized ubiquinone in membranes depleted of substrate required a
structural change in the membrane before it could enter the lipid pool probed by the dye. More
detailed analysis using homologues of the anthroyloxy fatty acids with the dye attached at different
positions along the hydrocarbon chain was undertaken to characterize the transverse organization
of ubiquinone in heart mitochondria.*® The results were intepreted to indicate the existence of two
transverse positions of the benzoquinone ring, which was consistent with the presence of more
than one spacially compartmentalized pool of ubiquinone in the inner mitochondrial membrane.
The exchange between the different pools was slow relative to the ns timescale of the fluorescence
guenching process.

Studies of nuclear magnetic resonance spectroscopic signals from deuterated derivatives of
ubiquinone-10 interpolated into inner mitochondrial membranes and into the membrane of Escher-
ichia coli indicate, in contrast to the fluorescence probe studies, only a single isotropically mobile
pool of ubiquinone in these membranes.?* The motion was apparently unhindered by orientational
constraints imposed by the lipid bilayer matrix of the mitochondrial membrane. This was contrary
to the findings with a shorter chain deuterated homologue, which did show orientational constraints
that were consistent with an intercalation of the ubiquinone homologue between the membrane
phospholipids. In studies of the restoration of the rate of electron transfer in membranes depleted
of ubiquinone or mutants devoid of endogenous ubiquinone, no difference in rate between short
and long chain ubiquinones was observed. This suggests that the respective domains occupied by
the homologues are integrated into the redox span linked by coenzyme Q.

Lateral diffusion rates of a fluorescent ubiquinone anal ogue have been reported in fused, matrix-
free inner mitochondrial membrane preparations and mitoplasts using fluorescence recovery after
photobleaching methods.*4” Rates of lateral diffusion of the analogue measured at 23°C were in the
order of 2.3t0 9.4.10~° cn?s~* and showed no significant dependence on matrix density or extent of
folding of the membrane. The results were consistent with the participation of coenzyme Q in random
collisions with mitochondrial dehydrogenases and Complex 111 of the inner mitochondrial membrane.

2.13 CONCLUSIONS

The consensus model that emerges from the considerable body of data derived from biophysical
studies of coenzyme Q in model and biological membranes is presented in the molecular model
shown in Figure 2.4. Coenzyme Q homologues found in biological membranes have polyisoprene
chain lengths greater than 5 units and commonly 9 to 10 units. This highly hydrophobic substituent
of the molecule combined with the relatively weak polar groups located on the fully substituted
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FIGURE 2.4 Schematic molecular model of the location of coenzyme Q in the membrane lipid bilayer matrix.
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benzoquinone ring system renders the molecule more nonpolar than most of the lipids found in
membranes. Thus the forces that tend to anchor the polar group of coenzyme Q at the lipid-water
interface are weak and are counterbalanced by the extensive nonpolar group of the molecule.

These thermodynamic arguments provide an explanation of the results and conclusions drawn
from the experimental evidence discussed in this chapter. Coenzyme Q can be seen in the model
to occupy adomain in the hydrophobic core at the center of the lipid bilayer matrix. The molecules
associate into clusters of relatively few molecules. Interactions occur between the benzoquinone
rings, which may associate via van der Waals forces arising from electron delocalizations about
the rings. The clusters are mobile within the lipid matrix and can diffuse laterally in the plane of
the membrane and rotate about an axis paralld to the plane of the bilayer. The reduced form of
coenzyme Q has a more polar character than its oxidized counterpart. This difference in polarity
allows the reduced form of coenzyme Q to penetrate closer to the lipid-water interface than the
oxidized form, which remains constrained more to the central hydrophobic domain.

It is acknowledged that this is a comparatively simple model and does not take into account
the interaction of coenzyme Q with specific Q-binding proteins and redox centers. Nor does the
model consider the conformation of the polyisoprenoid chain, which may be coiled rather than
fully extended as dicussed in Chapter 1. Nevertheless, the model provides a basis upon which more
rigorous tests can be applied.
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3.1 INTRODUCTION

In recent years, lipid peroxidation has attracted much attention because it induces biomembrane destruc-
tion and isrelated to inflammation, heart disease, cancer, and even aging. Vitamin E (tocopherol, TocH)
islocdized in cellular membranes and functions as an antioxidant by protecting unsaturated lipids from
peroxidation.}? Vitamin E reacts with lipid peroxyl radical (LOOe) and reduces it to hydroperoxide
(LOOH). Vitamin E itself is oxidized and produces vitamin E radicd (Reaction 1).34

kin
LOO- + TocH 3 LOOH + Toce (3.1)

On the other hand, hydrophilic vitamin C [ascorbate monoanion, (AsH™)] is, by itself, a poor
antioxidant, but it enhances the antioxidant activity of tocopherols by regenerating the tocopheroxyl
to tocopherol (Reaction 2).1:25

k!
Toce + AsH™ - TocH + A& (3.2

where Ase is dehydroascorbate anion radical.

0-8493-8732-9/00/$0.00+$.50
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FIGURE 3.1 Molecular structures of biological hydroquinones 1-7, plastoquinol (PQH,), and related hydro-
quinones 8-13.

Ubiquinone (UQ), vitamin K (VK), and plastoquinone (PQ) arewell known astypical biological
guinone compounds. The function common to these quinones in biology is to act as redox com-
ponents of transmembrane electron transport systems. Ubiquinol (UQH,), vitamin K hydroquinone
(VKH,), and plastoquinol (PQH,) (Figure 3.1) are the two-electron reduction products of UQ, VK,
and PQ, respectively.

Several investigators have found that ubiquinol has a strong activity in inhibiting lipid
peroxidation in various tissues and membranes.5° Further, it has been reported that, in
membranes, ubiquinols with short isoprenoid chains (ubiquinol-1-4) are much more potent
inhibitors of lipid peroxidation than the longer chain homologues (ubiquinol-5-10).1% |t has
been suggested that ubiquinol (UQH,) functions as an antioxidant (i) by scavenging the lipid
peroxyl radical (LOOe) (Reaction 3), and (ii) by regenerating the tocopheroxyl to tocopherol
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FIGURE 3.2 Molecular structures of «-tocopherol (a-TocH), sodium ascorbate (Na*AsH™), a-tocopheroxyl
(a-Toce), 5,7-diisopropyltocopheroxyl (5,7-Di-iPr-Toce), aroxyl radical (ArQOe), EP, and DPBF.

(Reaction 4),7:1012-15

|nh

LOOe + UQH, - LOOH + UQHs (33)

Toce + UQH, = TocH + UQHs (3.4)

where UQH?- is the dehydroubiquinol radical. However, the antioxidant activities of the biological
hydroquinones, except for ubiquinol, have not been reported.

In previous works, we measured the reaction rates, kg, of a-, 8-, y-, and é-tocopherols (a-, B-
v-, and 8-TocHs) with 2,6-di-tert-butyl-4-(4-methoxyphenyl)-phenoxyl [ArOe (abbreviated to
“aroxyl” hereinafter), Figure 3.2] in ethanol solution (Reaction 5), using stopped-flow spectropho-
tometry.617 ArOe can be regarded as a model of active oxygen radical (LOOs, LOe, and HOe) in
biological systems.

k
ArOe + TocH — ArOH + Toce (3.5)

The second-order rate constants, ks, obtained are 5.12 X 10° (a-TocH), 2.24 X 10° (B-TocH), 2.42 X
10 (y-TocH), and 1.00 X 102 (6-TocH) M~1s71 in ethanol a 25.0°C. The relative rates (a:B:y:6 =
100:44:47:20) agree well with those obtained from studies of the reactivities of tocopherols toward
poly(peroxystyryl)peroxyl radicals (100:41:44:14) by the O, consumption method (Reaction 1).318
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The result suggests that the relative reactivities of tocopherols in solution probably do not depend
on the kinds of oxyradicals (ArOs and LOOe) used.””

Lipid peroxidation is also induced by the reaction of singlet oxygen (*O,) with unsaturated
lipids. Tocopherols can also act as efficient scavengers of singlet oxygen.’*24 |t was shown
that «-tocopherol scavenges O, by a combination of physical quenching (k,) and chemical
reaction (k). Because k, >> k, the quenching process is almost entirely “physical”; that is,
a-tocopherol deactivates about 120 O, molecul es before being destroyed by chemical reaction
(Reaction 6):%°

K,
1O2 + TocH = physical quenching + chemical reaction (3.6)

It has been reported that ubiquinol quenches hematoporphyrin-activated singlet oxygen in mito-
chondria.®® However, the kinetic study of the quenching reaction of singlet oxygen by biological
hydroquinones has not been reported.

Therefore, in order to clear the antioxidant activity of these biological hydrogquinones (HQs),
systematic kinetic studies of Reactions 3, 4, 5, and 6 have been performed for eight HQs (ubiquinol-10
(UQyoH, 1); ubiquinal-0 (UQ,H, 2); vitamin K, HQ (VK ;H, 3); vitamin K, HQ (VK;H, 4); a-, 8-, and
v-tocopoherol-HQs (a-, B-, and y-TQH, 5-7); and 2,3,5-trimethyl-1, 4-HQ (TMQH, 8) (Figure 3.1)
in several solutions. The observed rates, Ky, ki, Ks, and ko, were compared to those of the -
tocopherol and vitamin C, which are well known as important biological antioxidants.

3.2 EXPERIMENTAL PROCEDURES

Preparations of seven biological hydroquinones (1-7) and related hydroguinones (8-13) (Figure 3.1)
are reported in previous papers.?627 3-(1, 4-Epidioxy-4-methyl-1,4-dihydro-1-naphthyl) propionic
acid (EP, Figure 3.2) was prepared by the published procedure.?® 2,5-Diphenyl-3, 4-benzofuran
(DPBF) is commercially available. The aroxyl radical (2,6-di-tert-butyl-4-(4-methoxyphenyl)
phenoxyl) (ArOs, Figure 3.2) was prepared according to the method of Rieker and Scheffler.?°

The 5,7-diisopropyltocopheroxyl radical (5,7-Di-iPr-Toce, Figure 3.2) is fairly stable and was
prepared by PbO, oxidation of the corresponding tocopherol in ethanol, benzene, and isopropy!
alcohol/water (5:1, v/v) solutions in a nitrogen atmosphere. However, in the case of «-tocopherol
(a-TocH), the «-tocopheroxy! radical («-Toce) produced is unstable, and the absorption spectrum
decreases rapidly with time. Therefore, the «-tocopheroxyl radical was prepared by the reaction
between the stable aroxyl radical (ArOe) and a-tocopherol in ethanol, benzene, and isopropy!
alcohol/water (5:1, v/v) solutions at 25 °C under nitrogen atmosphere and was reacted immediately
with biological hydroquinone solution.?

The stopped-flow data were obtained on a UNISOKU Model RS-450 stopped-flow spectro-
photometer (Osaka, Japan) by mixing equal volumes of solutions of the tocopheroxyl radical (Toce)
[or aroxyl radical (ArOe)] and biologica hydroquinone.?® The oxidation reactions were studied
under pseudo first-order conditions, and the observed rate constants (k,.,,) Were calculated in the
usual way using astandard least-square analysis. All measurementswere performed at 25.0 = 0.1°C.

Cyclic voltammetry was performed at 25°C under an atmosphere of nitrogen with a platinum
electrode and a saturated calomel reference electrode in acetonitrile (dried over P,Og) containing
40 mM tetrabutylammonium perchlorate with a Yanaco Model P-1000 H cyclic voltammetric
analyzer. Under these conditions, ferrocene as a standard sample has a half-wave potential of +400 mV.
The observed E, values are summarized in Tables 3.4 and 3.5. The experimental error in E; values
was =20 mV at maximum.
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3.3 FREE-RADICAL-SCAVENGING ACTION OF BIOLOGICAL
HYDROQUINONES

3.3.1  KINETIC STUDY OF AROXYL-RADICAL-SCAVENGING ACTION OF BioLoGicAL
HYDROQUINONES IN SOLUTION

The oxidation rates of biological hydrogquinones (HQs 1-8) by aroxyl (ArOe) were studied spec-
trophotometrically by the stopped-flow technique in the presence of excess hydroquinone in ethanol
solution (Reaction 7). The details of these experiments are reported in a previous paper.16:30

ArOs + HQ S ArOH + Q- 3.7)

The rate was measured by following the decrease in absorbance at 375 and/or 580 nm of the ArOe
radical. The pseudo-first-order rate constants, k., observed at 375 and/or 580 nm were linearly
dependent on the concentration of hydroquinone (HQ), and thus the rate equation is expressed as

—d[ArOs] /dt = kg [ArOe] = ks[HQ] [ArO¢] (3.9)

where kg is the second-order rate constant for oxidation of HQ by ArOe radical. The rate constants,
ks, were obtained by plotting k., against [HQ], as shown in Figure 3.3.

Similar measurements were performed for the reaction of ArOe with HQs 1-8 in diethy! ether,
benzene, and n-hexane solution. The values of kg obtained are listed in Table 3.1, together with
that of a-tocopherol.® The experimental error in the kg value for each hydroquinone was ~7% at
maximum. The radical-scavenging rate constants, K, of vitamin K, and vitamin K, hydroquinones
were very fast in n-hexane solution, and we could not succeed in determining the rate constants,
ks, for these hydroguinones. We estimated the lowest values of rate constant, ks, of VK,H, and
VK,H, to be about 10" M~1s7%. B-TQH, 6 and TMQH, 8 were insoluble in n-hexane. On the other
hand, by reacting aroxyl with biological quinones 1-8 in ethanal, the decrease of absorption at 376 nm
of ArOe was negligible. The result indicates that hydroquinones act as free radical scavengers by
donating a hydrogen atom of the 1-OH and/or 4-OH group to the aroxyl radical. Aslisted in Table 3.1,
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FIGURE 3.3 The dependence of the pseudo-first-order rate constant, k.., on the concentration of biological
hydroquinones (UQ,H, 1, VK,H, 3, @-TQH, 5, and y-TQH, 7) in ethanol solution.
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TABLE 3.1
Second-Order Rate Constants (ko) and Relative Rate Constants (ks (HQ)/ks (a-TocH)) for the Reaction of Aroxyl
Radical (ArO-) with Biological Hydroquinones 1-8 in Several Solvents at 25.0°C

Ethanol Diethyl Ether Benzene n-Hexane
k, k, (HQ) k, k, (HQ) k, k, (HQ) k, k, (HQ)
M-s7)  k(a-TocH) M5 k(a-TocH) M5 k(a-TocH) (M7's7")  k(a-TocH)

a-TocH 512 x 10° 1.00 1.44 x 10¢ 1.00 9.52 X 10* 1.00 1.94 X 10° 1.00
UQH, 1 5.19 x 10® 101 3.89 x 10® 0.27 1.14 X 10* 0.12 211 x 104 0.11
UQyH, 2 290 X 10° 0.57 2.65 X 10° 0.18 1.30 X 10* 0.14 2.00 X 10# 0.10
VKH, 3 1.61 X 10° 31.4 2.31 X 10° 16.0 1.53 X 10° 16.1 >107

VK;H, 4 1.07 X 10° 20.9 154 X 10 107 1.80 x 108 189 >107

a-TQH, 5 1.40 X 10* 273 292 X 10¢ 2.03 1.27 X 10° 1.33 1.45 X 10° 0.75
B-TQH, 6 8.35 X 10® 1.63 154 x 10¢ 1.07 1.26 X 10° 132 Insoluble -
y-TQH, 7 146 X 10* 2.85 3.65 x 10* 2.53 2.15 x 10° 2.26 7.60 X 10° 392

(PQH, model)
TMQH, 8 8.62 X 10° 1.68 220 X 10# 153 227 X 10° 2.38 Insoluble -

log ks

EtOH Ether Benzene Hexane |
i } i i ) 1

0.0 0.2 0.4

1/¢

FIGURE 3.4 Plot of log kg vs. Ve for biologica hydroquinones (UQ,oH, 1, VK,H, 3, and y-TQH, 7) and
a-tocopherol (a-TocH). On aline, each point corresponds to ethanol, diethyl ether, benzene, and n-hexane
from left to right.

the rate constant of UQ,(H, 1 is very similar to that of «-TocH in ethanol solution. On the other
hand, UQ,,H, 2 is 0.57-fold as reactive as «-TocH. However, «-TQH, 5, B-TQH, 6, y-TQH, 7,
and TMQH, 8 were found to be 2.73, 1.63, 2.85, and 1.68-fold more reactive than the a-TocH in
ethanol, respectively. Further, VK;H, 3 and VK;H, 4 were found to be 31.4 and 20.9-fold more
reactive than a-TocH, which hasthe highest reactivity among natural tocopherols.®® Consequently,
these vitamin K hydroquinones have the highest free-radical-scavenging (FRS) activity among
natural lipid-soluble, chain breaking antioxidants in solution.3-2

In each hydroquinone, the FRS rate constant, ks, increased by decreasing the polarity of solvent.
When the logarithm of the rate constant (log kg of y-TQH, 7 was plotted as a function of the
reciprocal of the solvent dielectric constants (1/e), it gave a straight line (Figure 3.4).%° The same
linear relationship between the log ks and the 1/e was also obtained for VK H,, «-TocH, and
UQ,H,, except for the value of UQ,,H, in ethanol, as shown in Figure 3.4. The HQs 3-8 showed
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higher reactivity than «-TocH regardless of the polarity of the solvent. In polar ethanol solvent,
the order of magnitude of kg valuewas3 >4 >5> 7> 6 ~ 8 > a-TocH ~1 > 2. On the other
hand, in nonpolar benzene solvent, the order was4 >3 >8>7 >5~ 6 > a-TocH > 2 > 1.
The result indicates that the approximate order of magnitude of the scavenging rate of free radical
by biologicd HQs are (i) VK H, and VK H, > (ii) a-, 8-, y-TQH, and TMQH, > (iii) a-TocH >
(iv) UQ,oH, and UQ,,H, in solution.

As reported in previous papers, absolute reactivities of tocopherols to ArOs and LOOe (kg and
k. respectively) increase as the total electron-donating capacity of the alkyl substituents on the
aromatic ring increases.® In fact, as listed in Table 3.1, the kg values of B-TQH,, y-TQH,, and
TMQH, are similar to each other in solution, because these HQs have three alkyl substituents on
the aromatic ring. Plastoquinone, which is very important as an electron carrier in photosynthetic
systems, also has three alkyl substituents on the aromatic ring, and we can expect that the FRS
rate of plastoquinol (PQH,) is similar to those of B-TQH,, y-TQH,, and TMQH, in solution.
Especialy, both the PQH, and y-TQH, have two methyl substituents at 2- and 3-positions and a
long-akyl-chain at 6-position, and thus the reactivities of PQH, and y-TQH, is thought to be
similar. The result suggests that PQH,, also scavenges the active oxygen free radicals and prevents
lipid peroxidation in biological systems.

Aslisted in Table 3.1, the FRS rate constants, ks, of ubiquinol-10 and «-tocopherol are similar
in ethanol. On the other hand, the rate constants of «a-tocopherol in diethyl ether, benzene, and n-
hexane are 3.7 to 9.2 times larger than the corresponding rate constants for ubiquinol-10. However,
the difference in the rate constants is less than one order of magnitude. The result suggests that
both «-tocopherol and ubiquinol-10 may relate to the scavenging of the active oxygen radicals in
biomembrane systems.

3.3.2 KINETIC STUDY OF PEROXYL-RADICAL-SCAVENGING ACTION OF BioLoGICAL
HYDROQUINONES IN SOLUTION

Efficient phenolic antioxidants such as a-tocopherol are well known to terminate free radical chain
peroxidations by trapping two peroxyl radicals according to Egs. 3.1 and 3.9, so that the so-called
stoichiometric factor, n, is 2.318

kinh

LOOs + TocH - LOOH + Toce (3.1

LOO« + Toce 'S nonradical combination products (3.9)

The expression for suppressed oxygen uptake during the inhibition period is given by Eq. (3.10).
In calculations, we used the reported value®*® of 41 M~!s* for the propagation rate constant, k.,
for peroxidation of styrene at 30°C.

—d[O,]/dt = (koK. X [LH] R)/n[TocH] (3.10)

The rate of radical chain initiation, R, is known for initiation by the azo-initiator AIBN (2,2'-
azobisisobutyronitrile), and can be measured by the induction period method using Eg. (3.11),
where 7 is the length of the induction period during suppressed oxygen uptake,

R =n[TocH]/T (3.11)

A[O,]; = —(Kp/Kirn) X [LH] IN(1 — t/7) (3.12)
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TABLE 3.2

Second-Order Rate Constants (k;,;) for the Reaction
of Peroxyl Radical (LOO*) with Biological
Hydroquinones and 2,3,5-trimethyl-4-methoxyphenol
(TMMP) in Styrene Solution at 30 °C, Thermally
Initiated by AIBN

Biological Hydroquinones 1076 k;,, M~1s77) n
UQyH, 1 0.35 1.0
UQH, 2 0.31 19
a-TQH, 5 15 >0.50
B-TQH, 6 11 0.64
y-TQH, 7 0.80 >0.50
TMQH, 8 1.4 >0.50
TMMP 13 20
a-TocH 2.9 2.07
a See Ref. 3.

The antioxidant activity, represented by the absolute rate constant for inhibition, k;,,, is determined by
measuring the oxygen uptake during the course of the inhibition period. For calculations, the integrated
form of the inhibition period, Eq. 3.12, was used as before.® The rate constants were obtained from
the slopes of the plots of A[O,], versus —In(1 — t/7), which equal k[LH]/k,. The ki, vaues
obtained for biological hydroquinones are listed in Table 3.2.32

As listed in Table 3.2, the hydroquinones typically gave relatively low stoichiometric factors.
Therefore, we determined the k;,, of 2,3,6-trimethyl-4-methoxyphenol (TMMP)3 to compare with
the corresponding hydroquinone (TMQH, 8). The latter gave about the same k;,, despite low n value.
The antioxidant activities of the tocopherol hydroquinones (5-7) are all lower than the known
values for the corresponding tocopherols (Table 3.2, and Refs. 3 and 18).

The ubiquinol-10 and -0 (1 and 2) have significantly lower antioxidant activities than the other
hydroquinones studied (Table 3.2). These results are in general agreement with reports showing
that the relative ki, of ubiquinol-10 was 10 times less than «-tocopherol during peroxidation of
methyl linoleate in n-hexane® and 0.34-0.39 times as reactive as a-tocopherol during autoxidation
of egg phosphatidylcholine in organic solvents.® However, in the latter case, formation of reverse
micelles complicated the system compared to homogeneous solutions.

The antioxidant activities of the ubiquinol-10 and -0 in solutions are of particular interest in
view of their significant behavior as antioxidants in natural systems.5133435 The lower k;,, values
observed here account for the lower relative antioxidant activity reported earlier in solution.83
The two adjacent methoxy groups appear to depress the antioxidant activity relative to the
polyalkylhydrogquinones5, 6, 7, and 8 (Table 3.2). We suggest that the two adjacent methoxy groups
are forced out-of-plane so that their main effect is the inductive electron withdrawal by oxygen,
and as a result, the developing phenoxyl radical is destabilized.

Remarkably different results have been reported for the antioxidant activity of ubiquinol-10in
model biological systems compared to that in solution, and these effects have been reviewed.® It
appears to be as effective as a-tocopherol against peroxidative attack on liposomal membranes’®
but more efficient than a-tocopheral in protecting human low density lipoprotein (LDL).>3 Such
differences in the action of ubiquinol have been interpreted in terms of different particle sizes of
the microenvironment whereby in small LDL particles, the ubiquinol may function through the
semiquinone radical UQ,,He to “export radicas’ (e.g., HOOe) from the small particle into the
aqueous phase. This phenomenon is expected to be controlled by the volume of the environment
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available to this antioxidant. We speculate that the antioxidant activity of ubiquinols depends on the
system used and would vary accordingly as follows: LDL > liposomes > homogeneous solution.
The overall efficiency of an antioxidant is determined by the number of radicals trapped per
molecule, the stoichiometric factor, n, as well as the inhibition rate constant (k;,,). Various factors
may result in nonintegral values for n. For example, n factors greater than the “expected” 2 can
arise for less active inhibitors if self-termination of the peroxyls is significant,® so that the
inhibition period becomes longer than implied by Egs. 3.1 and 3.9. Stoichiometric factors for
most phenols are usually 2. In fact, the n factors for the a-tocopherol and TMMP (Table 3.2) are
2. On the other hand, values of n for derivatives of the hydroquinones were frequently found to
even drop below 0.5, and in this case, large errors are involved in their determination. This is
undoubtedly due to the ease of oxidation in solution of most of these hydroquinones.

3.4 VITAMIN E REGENERATION REACTION OF BIOLOGICAL
HYDROQUINONES

3.4.1 KINETIC STUDY OF THE REGENERATION REACTION OF TOCOPHEROXYL
RabicaL BY BioLoGicAL HYDROQUINONES IN SOLUTION

a-Tocopheroxyl shows absorption peaks with A, = 428 and 410 nm in isopropy! acohol/water
(5:1, v/v) mixtures (Figure 3.5). Upon addition of an isopropy! acohol/water solution with excess
v-TQH, to an isopropyl alcohol/water solution with a-tocopheroxyl, the absorption spectrum of
a-tocopheroxyl disappears immediately. Figure 3.5 shows an example of the interaction between
a-tocopheroxyl and y-TQH, 7 (0.372 mM) in an isopropyl acohol/water (5:1, v/v) solution.

The oxidation rates of y-TQH, 7 by a-tocopheroxyl were studied spectro-photometrically
with a stopped-flow technigue in the presence of excess y-TQH, 7 in an isopropy! alcohol/water
solution (Reaction 4). The details of the experiments are reported in a previous paper.s

Toce + y-TQH, - TocH + y-TQHe (3.4)
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FIGURE 3.5 Change of electronic absorption spectrum of «-tocopheroxyl radical for reaction of a-toco-
pheroxyl with y-TQH, 7 in isopropyl acohol/water (5:1, v/v) mixtures at 25.0°C. [y-TQH,],., = 3.72 X 10~
M. The spectra were recorded at 4.5 ms intervals. The arrow indicates a decrease in absorbance with time.
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TABLE 3.3

Second-Order Rate Constants (k,) and Relative Rate Constants (k, (HQ)/k, (UQ,,H,)) for
the Reaction of a-tocopheroxyl and 5,7-diisopropyltocopheroxyl with Biological
Hydroquinones 1-8 in Ethanol and Benzene Solutions at 25.0°C.

a-Toce 5,7-Di-iPr- Toce
Ethanol Benzene Ethanol Benzene
Biological ks k (HQ) k, k. (HQ) k, k. (HQ) k, k. (HQ)
Hydroquinones M~1s71) k,(UQ,H,) M~1s71) k,(UQ,H,) M~1s71) k(UQ;oH,) M~1s71) k(UQ;oH,)
(UQyHy 1 215 X 10° 1.00 3.74 X 10° 1.00 3.64 x 10* 1.00 848 x 10* 1.00
UQyH, 2 8.08 x 10¢ 0.38 3.30 X 10° 0.88 1.28 x 10* 0.35 9.23 X 10* 1.09
VK;H, 3 >108 (7.7X 1092 >106 1.30 X 10° 357 >106
VK;H, 4 >10° (3.4%x106)2 >10°6 5.81 X 10° 16.0 >10°6
a-TQH, 5 5.49 x 10° 2.55 >10° 9.78 X 10* 2.69 1.02 X 10° 120
B-TQH, 6 351 X 10° 1.63 >10¢6 578 X 10¢ 159 6.10 X 10° 7.19
y-TQH, 7 3.40 x 10° 1.58 >10° 6.64 X 10* 1.82 812 X 10° 9.58
(PQH, model)
TMQH, 8 2.85 X 10° 1.33 >10° 518 x 10* 1.42 5.64 X 10° 6.65

a Values estimated from the k. (HQ)/k, (UQ,oH,) values for the reaction of 5,7-diisopropyltocopheroxyl with VK,;H, and VK;H, in ethanol (see text).

The rate was measured by following the decrease in absorbance at 428 nm of the a-tocopheroxyl
radical. The pseudo first-order rate constants (k,,s;) Observed at 428 nm were linearly dependent
on the concentration of y-TQH,, and thus the rate law is expressed as follows:

—d[Toce]/dt = kg [TOC®] = k, [ y-TQH,] [Toce] (3.13)

where Kk is the second-order rate constant for oxidation of y-TQH, by the a-tocopheroxyl radica. The
k. values are obtained by plotting k. 8gainst [ y-TQH,]. Similar measurements were performed for the
reaction of a-tocopheroxyl with biologica hydroguinones 1-8 in ethanol, benzene, and isopropyl
alcohol/water (5:1, v/v) solutions. The reaction rates for hydroquinones 1-8 with 5, 7-diisopropyltoco-
pheroxy! in ethanol, benzene, and isopropy! acohol/water solutions were also measured. The k. values
obtained are summarized in Tables 3.3 and 3.4.15% The reaction rates for VK;H, and VK;H, with a-
tocopheroxyl in ethanol, benzene, and isopropyl acohol/water solutions were very fast, and we did not
succeed in measuring the k; values for these hydroquinones.

The kinetic study of the reaction between tocopheroxyl (vitamin E radica) and UQ,,H, was per-
formed (Reaction 4).15% For instance, the k, values obtained for a-tocopheroxyl are 3.74 X10° and 2.15
X 10° M~1s1in benzene and ethanol solutionsat 25°C, respectively. Theabovek. valueswere compared
with those for vitamin C with a-tocopheroxyl reported by Packer et .3 (k. = 1.55 X 10° M~s7%) and
Scarpa et a3 (k. = 2 X 10° M~1s71). The reaction is well known as an usua regeneration reaction of
tocopheroxyl in biomembrane systems. The results indicated that ubiquinol-10 also regenerates the
tocopheroxy! to tocopherol and prevents lipid peroxidation in various tissues and mitochondria

Further, the reaction rates of seven kinds of biologically important hydroguinones, including vitamin
K, HQ and a-tocopherol-HQ, with tocopheroxyl were measured in ethanol and benzene solutions.?
As listed in Table 3.3, hydroquinones 3-8, (not UQ,H, 2) showed rate constants larger than that
of UQ,cH, 1 in ethanol and benzene solutions. In particular, the rates of the regeneration reaction
of a-tocopherol withVK;H, and VK ;H, in ethanol and benzene solutions were too fast to determine,
and only the minimum value of the rate constant could be estimated (10° M~s-1). On the other
hand, the rates of the regeneration reaction (k) of 5,7-diisopropyltocopherol withVK H, and VK;H,
in ethanol were determined and found to be 36 and 16 timeslarger than that of UQ,,H,, respectively.
Asis clear from the k. values listed in Table 3.3, the rate of the regeneration reaction of tocopherol
with the above biological HQs increases in the order of UQH, < Q,;H, < B-TQH, ~ y-TQH, ~
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TABLE 3.4

Second-Order Rate Constants (k;) and Relative Rate Constants (k, (HQ)/k, (UQ,,H,))
for the Reaction of a-tocopheroxyl and 5,7-diisopropyltocopheroxyl with Biological
Hydroquinones 1-8 in Isopropyl Alcohol/Water (5:1, v/v) Solutions at 25.0 °C and
Peak Oxidation Potentials (E,) for Hydroquinones 1-8

a-Toc® 5,7-Di-iPr-Toc®
Biological K, k. (HQ) k, k. (HQ) Ep
Hydroquinones M-1s71) k, (UQ,oH,) M-1s71) k, (UQ,,H,) (mV vs. SCE?)
UQ;H, 1 2.54 X 105 1.00 5.33 X 10# 1.00 930
UQyH, 2 8.80 x 10* 0.35 152 x 10* 0.29 960
VK;H, 3 >108 2.69 X 108 50.5
(1.3 x 107
VK H, 4 >108 8.35 X 10° 15.7 770
(4.0 X 109)p
a-TQH, 5 8.15 X 10° 321 153 x 10° 2.87 830
B-TQH, 6 438 X 10° 1.72 7.98 X 10* 1.50 870
v-TQH, 7 4,10 X 10° 1.61 1.05 X 10° 1.97 880
TMQH, 8 412 X 10° 1.62 6.72 X 10* 1.26 870
Sodium 2.68 X 10° 10.6 6.32 X 10# 1.19
ascorbate
Sodium 1.55 X 106¢ 6.10
ascorbate
Sodium 2 X 10°d 0.8
ascorbate

a Saturated calomel electrode.

b Values estimated from the k, (HQ)/k, (UQ,H,) valuesfor the reaction of 5,7-diisopropyltocopheroxyl with VK H,
and VK;H, in isopropyl acohol/water (5:1, v/v) mixtures (see text).

¢ The k. value obtained in water/isopropy! a cohol/acetone (50:40:10, v/v) mixtures (Ref. 37).

d The k, value obtained in liposome systems (Ref. 38).

TMQH, < «-TQH, < VK;H, < VK,H, regardless of the polarity of the solvent, i.e., the polarity
of the reaction field. The results suggest that all the biological hydroguinones studied in this work
also regenerate the tocopheroxyl to tocopherol and prevent lipid peroxidation in biological systems.

Asdescribed above, the k. valuesfor the reaction between tocopheroxyl and HQswere measured
inan ethanal solution. Aslisted in Table 3.3, for each HQ, the absolute k. value obtained for «-tocopheroxyl
is~5.8 = 0.6 times larger than that for 5,7-diisopropyltocopheroxyl. On the other hand, the relative
rates (HQs 1:2:5:6:7:8 = 1.00:0.38:2.55:1.63:1.58:1.33) obtained for «-tocopheroxyl are in good
agreement with those (1.00:0.35:2.69:1.59:1.82:1.42) obtained for 5,7-diisopropyltocopheroxyl. The
results suggest that the relative reactivities of HQs in solution do not depend on the kinds of toco-
pheroxy! radicals used even though the absolute rates are different. Therefore, the k. values for the
reaction of a-tocopheroxyl with VK,H, and VKH, in ethanol were estimated to be (7.7 = 0.8) X 106
and (3.4 = 0.4) X 105 M~s~t from the relative rate of constants (k. (HQ)/k. (UQ,,H,)) obtained for
the reaction of 5,7-diisopropyltocopheroxyl with VK H, and VKH,, respectively. Similarly, the values
k. for the regeneration reaction of «-tocopherol with VK,;H, and VK;H, in isopropy! acohol/water
(5:1, v/v) mixtures were estimated to be (1.3 = 0.2) X 107 and (4.0 = 0.4) X 10° M~1s! from the
k. (HQ)/k. (UQyoH,) velues for 5,7-diisopropyltocopheroxyl (see Table 3.4), respectively. These rate
constants are very fast, and thus we can expect high antioxidant action for VK,H, and VK,H,
compounds in biological systems.
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3.4.2 CoMmpARISON BETWEEN RATES OF VITAMIN E REGENERATION REACTION
wiTH BiorocicaL HYDROQUINONES AND VITAMIN C IN SOLUTION

Ascorbic acid is adibasic acid and thus, in an agueous solution system, can exist in three different
molecular forms [L-ascorbic acid (AsH,), ascorbate monoanion (ASH™), and dehydroascorbate
dianion (As?7)] depending on the pH value (Figure 3.2). In a previous paper, a kinetic study of the
reaction between vitamin C (L-ascorbic acid) and 7-tert-butyl-5-isopropyltocopheroxyl in a Triton
X-100 micellar solution was performed using stopped-flow spectrophotometry.® The second-order
rate constants (k;) obtained showed notable pH dependence with a broad maximum around pH 8.
A good correlation between the rate constants and the mol e fraction of ascorbate monoanion (AsH™)
was observed, showing that ascorbate (AsH™) can regenerate the tocopherol from tocopheroxyl in
biological systems. Therefore, we measured the reaction rates for sodium ascorbate (NatAsH™)
with the tocopheroxyl radical in isopropy! alcohol/water (5:1, v/v) mixtures because NatAsH™ is
insoluble in ethanol and benzene solutions. The k. values obtained for biological hydrogquinones
1-8 were compared with that for vitamin C (sodium ascorbate) with a-tocopheroxyl (see Table
3.4). The k. value obtained for the reaction between NatAsH~ and «-tocopheroxyl is 2.68 X 108
M~1s~1. This value is 2 times larger than that (1.55 X 10 M~!s™%) reported by Packer et a.¥ for
the same reaction in water/isopropyl acohol/acetone (50:40:10, v/v) mixtures using the pulse
radiolysis method.

For instance, comparing the k. value (2.68 X 10° M~1s71) obtained for the reaction of «-
tocopheroxyl with Na"AsH~ (Reaction 2) with those (2.54 X10° and 8.15 X 10° M~1s™1) obtained
for the reaction of a-tocopheroxyl with UQ,H, and a-TQH, (Reaction 4) in isopropyl acohol/water
mixtures, the former is ~11 and 3 times as reactive as the latter, respectively. On the other hand, the
k. value obtained for Na*AsH~ is4.9 and 1.5 times smaller than those obtained for VK, H, and VK ;H,,
respectively. Therefore, the order of magnitude of k, values obtained for HQs and Na*AsH™ isVK,H,
> VK;H, > AsH™ > «-TQH, > B-TQH, ~ y-TQH, ~ TMQH, > UQ,H, > UQ,H, in isopropyl
alcohol/water (5:1, v/v) mixtures. Therole of vitamin E («a-, 8-, y- and §-tocopherols) as an important
biological antioxidant has been well recognized in recent years.? The antioxidant properties of the
tocopherols have been ascribed to the initial oxidation by a peroxyl radical of the phenolic hydroxyl
group, producing a tocopheroxyl radical (Reaction 1).2 As reported previoudy, absolute reactivities
(ki) of tocopherols to LOOe vary depending on the number of alkyl substituents,*”* i.e., the anti-
oxidant activity of these tocopherol compounds increases as the total el ectron-donating capacity of
the alkyl substituents on the aromatic ring increases. The log of the second-order rate constants (K;,)
obtained for a-, B-, y- and &-tocopherols was found to correlate with their E; vaues.’

As described above, the rate of the regeneration reaction of «-tocopherol with biological
hydroquinones 1-8 has been measured in isopropyl a cohol/water (5:1, v/v) mixtures. Furthermore,
the E; values for these HQs were aso measured. Consequently, the values of log k. for HQs have
been plotted against E,. As shown in Figure 3.6, a plot of log k; versus E; is linear over most of
the range, with a slope of —6.7 V1 (correlation coefficient = 0.97). The same correlation is given
for the reaction of HQs with the 5,7-diisopropyltocopheroxyl radical, showing aslope of —8.1V~1
(correlation coefficient = 0.96) (Figure 3.6).

In fact, aslisted in Tables 3.3 and 3.4, the k. and E; values for B-TQH,, y-TQH,, and TMQH,
are similar to each other in solution because these HQs have three alkyl substituents on the aromatic
ring. a-TQH, with four akyl substituents showed larger k. and smaller E, values than 8-TQH,,
a-TQH,, and TMQH,. Plastoquinone also has three akyl substituents on the aromatic ring, and
we can expect that the rate of the regeneration reaction with PQH, will be similar to those with
B-TQH,, v-TQH,, and TMQH, in solution. In particular, both PQH, and y-TQH, have two methyl
substituents at positions 2 and 3 and a long-alkyl-chain at position 6, and thus the activities of
PQH, and y-TQH, are thought to be similar. The results suggest that PQH, also regenerates the
tocopheroxyl to tocopherol and prevents lipid peroxidation in biological systems.
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FIGURE 3.6 Plots of log k. for reaction of biologica hydroquinones 1-8 with a-tocopheroxyl and 5,7-diiso-
propyltocopheroxyl vs. E; for hydroguinones 1-8. The plots for a-tocopheroxyl (O) and 5,7-diisopropyltoco-
pheroxyl (*) gave linear fits with slopes of —6.7 and —8.1 V! and correlation coefficients of 0.97 and 0.96,
respectively. SCE, saturated calomel electrode.

If the biologica HQs coexist with «-tocopherol in membrane or tissues, the rate of the
disappearance of LOO- is represented by Eq. 3.14.

—d[LOO]/dt = k@ [HQ] [LOO*] + k+® [e-TocH][LOO"] (3.14)

The peroxyl-radical-scavenging Reaction 3 of HQ may compete with Reaction 1 of a-tocopherol.
The rate of scavenging of the peroxyl radical depends on the product of the second-order rate
constant and the concentration of each molecule, as shown in Eq. 3.14. Similarly, if the biological
HQs coexist with vitamin C (ascorbate (AsH™)) in biological systems, the rate of regeneration of
Toce is represented by Eq. 3.15.

—d[Toce]/dt = k@ [HQ] [Toce] + k@ [AsH] [Toce] (3.15)

Naumov and Khrapova'* and Mukai, et a.*> measured the second-order rate constants (ki) for
the reaction of the peroxyl radical with ubiquinol-9 in ethylbenzene and ubiquinol-10 in chloroben-
zene using the chemiluminescence and O, consumption methods, respectively. The ki, values
obtained for ubiquinol-9 (3.4 X 10° M~1s™%) and ubiquinol-10 (3.5 X 10° M~!s%, Table 3.2) are
only an order of magnitude lower than the k,, vaue (3.3 X 10® M~1s™) for a-tocopherol in
ethylbenzene.*® The molar ratio of ubiquinone-10 plus ubiquinol-10 to a-tocopheral in the inner
mitochondrial membrane is ~10:1,'* which is closer to or lower than the 1:1 ratio in other
biomembranes,® and ~1:20 in lipoproteins.”® Furthermore, ubiquinol exists in relatively high
concentrations in various tissues and mitochondria,*~* and the percentages of ubiquinols to total
ubiquinones are 41.6, 32.4, and 45.2% in guinea pig heart, rat heart, and guinea pig heart mito-
chondrial fractions, respectively.*® So we can expect that ubiquinol-10 contributes to the scavenging
of the peroxyl radical, at least in the former two systems.
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We studied the regeneration reaction of «-tocopherol with UQ,,H, using stopped-flow spec-
trophotometry.’®> The k, values obtained for the reaction between UQ,,H, and «-tocopheroxyl are
3.74 X 10° and 2.15 X 10° M~1s™1 in benzene and ethanol solutions at 25.0°C, respectively. The
above k. values were compared with those for vitamin C with a-tocopheroxyl reported by Packer
et al.¥ (k. = 1.55 X 106 M~1s71) and Scarpaet a.® (k. = 2 X 10° M~1s™%). Thereaction of vitamin
C with a-tocopheroxyl iswell known as an usual regeneration reaction of tocopheroxy! in biomem-
brane systems. The results suggest that both Reactions 2 and 4 may contribute to the regeneration
reaction of «-tocopheral.

The mitochondrial membraneisrichin unsaturated lipidsand it isalwaysin danger of oxidation.
Consequently, mitochondrial membrane must be protected against peroxidation, and «-tocopherol
appears to play an important role in this protection. The results of our kinetic study show that the
ubiquinol-10 also strongly inhibits lipid peroxidation in mitochondria and other biomembranes. It
may act as an antioxidant, first, by scavenging the active oxygen free radicals, such as LOOe, LOe,
and HOe and, secondly, by regenerating the tocopheral. In fact, Frei et a.” and Yamamoto et al.8
investigated the antioxidant activity of ubiquinol in liposomal membranes. They reported that (i)
ubiquinol is about as effective as a-tocopherol in inhibiting lipid peroxidation, and (ii) ubiquinol
spares a-tocopherol when both antioxidants are present in the same liposomal membranes. Stocker
et a.? reported that ubiquinol-10 protects human low density lipoprotein more efficiently against
lipid peroxidation than a-tocopherol. On the other hand, Kagan et al.’%% studied the antioxidant
activity of ubiquinol in microsomes and mitochondria. They reported that (i) direct radical scav-
enging effects of ubiquinols may be negligible in the presence of comparable or higher concentra-
tions of tocopherols, and (ii) antioxidant effects of ubiquinols are due to their ability to recycle
tocopherols from tocopheroxyls. The reason is not clear at present why direct radical scavenging
effects of ubiquinols are negligible in microsomes and mitochondria and are about as effective as
a-tocopherol in liposomal systems. Concentration of biological hydroguinones such as VK H,,
PQH,, and «-TQH, in biological systems has not been reported as far as we know. However, the
result of the present kinetic study strongly suggests that these HQs also function as antioxidants
in biological systems such as mitochondria, other biomembranes, and various tissues.

3.5 QUENCHING REACTION OF SINGLET OXYGEN
BY BIOLOGICAL HYDROQUINONES

Singlet oxygen (*0,) was generated by the thermal decomposition of the 3-(1,4-epidioxy-4-methyl-I, 4-
dihydro-I-naphthyl)propionic acid (EP) (Figure 3.2).22 2,5-Diphenyl-3,4-benzofuran (DPBF) was
used as standard compound. The overall rate constants k,, (= k, + k) for the reaction of O, with
hydroquinones 1, 2, 5-13 were determined in ethanol by Eq. 3.16 derived from the steady-state
treatment of Scheme 1.4

EP — 'O, ko, HQ | quenching + reaction

k j \%;DPBF

0, product

S/S=1+[(ks t ka)/ks] [HQ] (3.16)

where S, and S; are slopes of the first-order plots of disappearance of 1O, acceptor, DPBF, in
the absence and presence of hydroquinone, respectively; k; is the rate of deactivation of 1O, in
ethanol. Solutions containing EP (3.8 X 103 M), DPBF (3.9 X 10-5 M) and various amounts of
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FIGURE 3.7 Plot of S5/S5Vvs. concentration of y-tocopherol-hydroguinone.

hydroquinone (0—2 mM) in ethanol werereacted at 35°C. The disappearance of DPBF was measured
at 411 nm. The details of experiments are reported in previous papers.?® S,/S;vs. [y-TQH,] plots
for y-tocopherol-hydroquinone 7 are shown in Figure 3.7. The overall rate constants (k,) were
calculated by using the value of k; in ethanol (ky = 8.3 X 10* s™1), reported by Merkel and Kearns.*
Similarly, hydroquinone derivatives 1, 2, 5-13 were reacted with the 'O, in ethanol. The k, values
obtained were summarized in Table 3.5, together with those reported for a-, 8-, y-, and 8-tocopherols.*
The experimental error in Kk, value for each tocopherol was +8% at maximum.

As listed in Table 3.5, hydroquinone (QH,) (13), 2-methylhydroquinone (2-MQH,) (12), 2,
3-dimethylhydroquinone (2,3-DMQH,) (9) and 2,3,5-trimethylhydroquinone (TMQH,) (8) are
about 6.8%, 21%, 41%, and 56% as reactive as a-tocopherol, respectively. The result indicates
that the rate of quenching of 1O, by these hydroquinone derivatives varies depending on the
number of methyl substitutions.?* In fact, B-TQH, and y-TQH,, having three alkyl substituents,
have rate constants similar to that of TMQH,, (8). The result indicates that the rate constants
increase as the total electron-donating capacity of the alkyl substituents in the aromatic ring
increases. Further, plastoquinone, which is very important as an electron carrier in photosynthetic
systems, also has three alkyl substituents on the aromatic ring, and we can expect that the rate
constant k;, of plastoquinol (PQH,) (Figure 3.1) will be similar to those of B-TQH,, y-TQH,
and TMQH, in solution.

Measurements of peak oxidation potential, E,, of biological HQs (1, 2, and 5-7) and related
HQs (8-13) have been reported in previous papers.?6?” These values are listed in Table 3.5. The values
of log kg, for HQs (1, 2, and 5-13) have been plotted against Es. In fact, as shown in Figure 3.8, log kg
corrdates roughly with E, with adope of —3.6 V1 (correlation coefficient = —0.87).242746 The HQs
that have smaller E, values show higher reactivities. The result suggests that the transition state in
the above 0, quenching reaction by HQs has the property of a charge-transfer intermediate.

As reported in a previous paper, the free-radical-scavenging rate constants, kg, of UQ,,H, and
a-tocopherol are similar in ethanol.® On the other hand, the rate constants of «-TQH,, B-TQH,,
and y-TQH, (PQH, model) are 1.6-2.9 times larger than that of a-tocopherol. The result suggests
that «-tocopherol and these biological HQs may relate to the scavenging of the active oxygen
radicals in biomembrane systems.

Aslisted in Table 3.5, the rate constants (ko) of quenching of 'O, by UQ;oH,, UQ,H,, a-TQH,,
B-TQH,, and y-TQH, (PQH, model) are 23 ~ 55% smaller than that by «-tocopherol. However,
the difference in the rate constants is less than one order of magnitude. Further, the rate constants
of these biological HQs 1, 2, and 57 are similar to that of y-tocopherol. VK,H, and VK;H, showed
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TABLE 3.5
Second-Order Rate Constants (k,) and Relative Rate Constants

(kg (HQ)/kq (a-TocH)) for the Reaction of Singlet Oxygen ('0,)
with Hydroquinones 1,2,5-13 in Ethanol Solution at 35°C, and
Peak Oxidation Potentials (E;) for hydroquinones

105 kg Ko (HQ) E,

Hydroquinones M-1s Kq (a-Toc) (mV vs. SCE?)
UQ;H, 1 158 0.77 930
UQyH, 2 0.93 0.45 960
a-TQH, 5 1.26 0.61 830
B-TQH, 6 1.22 0.59 870
v-TQH, 7 117 0.57 880
TMQH, 8 (PQH, model) 115 0.56 870
2,3-DMQH, 9 0.85 0.41 930
2,5-DMQH, 10 0.99 0.48 930
2,6-DMQH, 11 0.54 0.26 930
2-MQH, 12 0.44 0.21 1000
QH, 13 0.14 0.068 1090
a-Tocopherol 2.06° 1.00 860°
B-Tocopherol 1.53° 0.74 920°
v-Tocopherol 1.38° 0.67 930°
&-Tocopherol 0.53° 0.26 990°
a Saturated calomel electrode.
b See Ref. 24.
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FIGURE 3.8 Plot of log kg vs. Ep for hydroquinones 1, 2, 5-13 (O) and -, 8-, y-, and &-tocopherols ().

high activity in scavenging free radicals® The rate constants ks of VK;H, and VK,H, were 31
and 21 times larger than that of «-tocopherol, respectively. Thus, we can expect a large value of
k, for both the VK ,H, and VK ;H,.>* However, VK,H, and VK ;H, are unstable and oxidized easily
in ethanol, and we did not succeed in determining the k, value.

Krashovsky et al.*” reported the rate (k) of quenching of 'O, by saturated and unsaturated fatty
acids and lipids. The result indicates that the quenching rate increases as the number of double
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bondsin fatty acid molecules increases. For instance, the values of rate constants observed are 9.0 X10°
M~1s~1 for stearic acid, 1.7 X 10* M~!s* for oleic acid, 4.2 X 10* M~s~1 for linoleic acid, and
6.0 X 10* M~1s* for egg yolk phosphatidylcholine. The k, values ((0.93 ~ 1.58) X10® M~!s™1)
observed for hiological HQs 1, 2, and 5-7 are 3 to 4 orders of magnitude larger than those for fatty
acids and phospholipids. The result suggests that these biological HQs may relate to the quenching
of the singlet oxygen and prevent lipid peroxidation in biological membranes.
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4.1 EARLY CHEMIOSMOTIC RESPIRATORY SCHEMES

Coenzyme Q (ubiquinone-10), was discovered soon after plastoquinone, and structurally charac-
terized at the end of the 1950s. Almost immediately, by 1961,' these closely related quinone
compounds were included as components in the earliest formulations of Mitchell’s chemiosmotic
theory of energy conversion in prokaryotic and eukaryotic respiration and photosynthesis. Over the
next 15 years, this theory would become accepted as the way by which all biological energy
processing machinery converts the oxidation-reduction (redox) potential free energy of electron
transfer systems into chemical potential energy stored by phosphorylation of ADP to form ATP.
The key to the theory was the long sought identity of the energetic link between the dramatically
dissimilar chemistries of oxidation-reduction and electron transfer on the one hand, and of ADP
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FIGURE 4.1 Early version of Peter Mitchell’s chemiosmotic theory of energy conversion in the mitochondrial
respiratory chain. The scheme emphasizes the smple linear sequence of aternating hydrogen-carrying and electro-
genic electron transfer arms from NADH or succinate to dioxygen. Ubiquinone was suggested as responsible for
the action of the second hydrogen-carrying (2H) arm; there were no viable candidates for the first and third 2H arms.
On theright is areminder of how transmembrane transfer of electrons and protons may be electrogenic or neutral.

phosphorylation and ATP hydrolysis on the other. An early version of Mitchell’s chemiosmotic
theory applied to a mitochondrial respiration is shown in Figure 4.1. The scheme serves well to
remind us of the basic simplicity and elegance of Mitchell’s theory in suggesting how the flow of
electrons from NADH or succinate to dioxygen in a respiratory chain is organized to generate a
delocalized transmembrane electrochemical gradient of protons (A w,,). Indeed, A w,,, proved to
be the common energetic link, not only between respiration and the phosphorylation of ADP in
the ATPase, but also between a myriad of other transport activities and chemistry in cells and their
organelles; these are now well described in textbooks.

Figure 4.1 has been modified so that it forms a simple starting point for this chapter, which,
in a step-by-step way, will outline the devel opment of the roles played by ubiquinone in respiration.
The respiratory scheme of Figure 4.1 indicates the small but essential part attributed to ubiquinone
in early respiratory chains. Since that time, investigations have steadily uncovered new roles for
ubiquinone, as well as seen its strategic position assume increasing importance in the energetic
economy of respiratory and photosynthetic systems. Ubiquinone, as we shall describe here, has
become recognized as adominant and critical mechanistic player in three of the four major electron
transfer complexes, Complexes I, I, and |11 of the mitochondrial respiratory chain.

Mitchell laid down similar electron and proton transfer schemes for a wide range of nonmito-
chondrial systems. Over 40 years, these systems developed in parallel to offer us arich palette of
information pertinent to both ubiquinone and the mitochondrion. Plant plastoquinone and phyllo-
guinone have risen to the same dominating importance, holding essential mechanistic positionsin
all three major complexes of green plant chloroplasts, photosystems | and 1l and cytochrome (cyt)
b, f complex. It has becomeincreasingly apparent that mechani smsinvolving quinonesin membrane
redox complexes of awide variety of organisms belong to asingle family; hence information from
a variety of sources is relevant to events in mitochondria. This is important because very often
other organisms offer experimental advantages and opportunities to look deeper into certain aspects
of ubiquinone redox character and mechanism than is currently possible in mitochondrial studies.
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These resources not only augment mechanistic mitochondrial studies, they also strengthen the
foundations on which investigations can better address the seriously challenging issues of how the
biochemistry of ubiquinone in the mitochondrion, with its unusual genetic makeup and its complex
metabolic and energetic machinery, can affect human health.

4.2 UBIQUINONE MEMBRANE DIFFUSION CIRCUITS:
FROM A SIMPLE TRANSMEMBRANE HYDROGEN-CARRYING
ROLE IN ONE LOOP TO FORMULATIONS THAT ACCOUNT
FOR HYDROGEN TRANSLOCATIONS IN ALL THREE LOOPS

The scheme in Figure 4.1 shows Mitchell’s proposed sequence of three neutral hydrogen-carrying
armsthat alternate with charged electron transfer, el ectrogenic armsin his chemiosmotic respiratory
chain. Mitchell called the combined neutral and electrogenic arms a “loop,” and each loop in effect
“pumped” one charged proton ion across the membrane for each electron traversing the loop. Each
loop turned out to be roughly aligned with one of the membrane protein complexes that were
steadily resolved and isolated with the help of metabolic studies and inhibitor action. Mitchell’s
early schemes always presented the transfer of electrons as pairs (2e-), perhaps for simplicity and
accounting purposes, however, in describing the mechanistic aspects of more modern schemes, it
isessential to acknowledge that el ectron transfer in respiratory chains, including associated catalytic
sites, occur sequentially, one at atime.

For each NADH oxidized to NAD* on the matrix side of the mitochondrial inner membrane,
two electrons (shown as 2e-) are introduced into the most reducing end (low redox potential) of
therespiratory chain. By thetime the two el ectrons passed through the threeloopsto reach dioxygen,
Mitchell predicted that 6 protons and 6 charges would be translocated from the matrix side (in) to
the cytosolic side (out) (i.e., 6 protons as chemical entities and 6 cationic charges, 6q*; see the
conventions shown in the inset of Figure 4.1). Similarly, for each succinate oxidized to fumarate,
two electrons also enter the chain from the matrix side after the first loop and then pass through
two loops and translocate out a predicted 4 protons and 4qg*. In each neutral arm, the “2H” moieties
symbolize the combined two electrons and two protons transferred “bound together” as part of the
integrated redox and acid/base chemistry proposed membrane diffusing redox carrier. When two
electrons move with 2 protons, they are neutral overall, equivalent to “2H.” It can be appreciated
that this would contribute only to the generation of a concentration gradient of protons (ApH)
across the membrane without building a transmembrane electric field. In contrast, the other arms
were seen to carry charge and are called “electrogenic.” In the electrogenic arms shown, two
electrons are transferred (sequentially) from the outer to inner side of the membrane. This leaves,
in effect, two positive charges on the outside. From our proton based convention (see Figure 4.1
right), this electrogenic electron transfer is electrically equivalent to 2g™ movement generating an
electric potential across the membrane (positive on the outside relative to inside, Ay (out—in). The
vectorial and functional complementary nature of the two arms of each loop combine to effectively
carry a charged proton across the membrane and develop an electrochemical gradient of protons
(Apy.) across the membrane. Au,,, can be approximated as follows:

Apy ., (out—in) = Ay (out—in) — 0.06 ApH (out—in) (inV) (4.

Peter Mitchell recognized the unique properties of ubiquinone and plastoquinone as well as
menaquinone in certain bacteria, assigning to them the role of diffusing carrier in the neutral 2H-
carrying arm of the second loop to ubiquinone between Complexes | or 1l and Il in mitochondria
and bacteria. Analogous roles were assigned to plastoquinone in the light-driven electron transfer
systems between PSII and the cyt bsf complex in chloroplasts and to menaquinone in anaerobic
bacteria. Three characteristics, evident from contemporary in vitro studies and biochemical analyses,
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were critical to the proposed, central biological energetic role in vivo for ubiquinone:

1. Under physiological conditions in the membrane, reduction of ubiquinone (designated
Q) to the reduced hydroquinone (designated QH,) involves the exchange of two electrons
and two protons and hence the molecule remains neutral, independent of whether it is
in the Q or QH, form as shown in Eq. 4.2. Thus, the “2H" in the second loop typified
the familiar and simplest description of the oxidation and reduction of QH, and Q.

Q+ 2 + 2H* = QH, (4.2)

2. The redox-independent neutrd state, together with the highly hydrophobic character, kept the
quinones clearly confined to the membrane interior of the cytoplasmic membranes. Their
structure, comprising along hydrocarbon tail and smple, relatively polar rings of the quinone
head, was considered to be well suited to very strongly partition the ubiquinone into the
membrane, as has since been quantitatively described in detail,?® to permit relatively free
diffusional mobility of the moleculesinthe bilayer part of the membrane, aswell asto promote
the headgroup to favor positions closer to the polar edges of the membrane-aqueous interface.

3. Thequinonesbehaved likearapidly equilibrating redox pool in molar excess of the respiratory
and photosynthetic redox complexes in the same membrane. The diffusing pool character of
the natural quinones not only connected the complexes together on a redox basis latera to
the membrane surface, but also contacted the membrane agueous phases on each side of the
membrane for proton exchange. Mitchell proposed that quinone was oxidized and reduced
by different redox complexes at specific positions|ocated on different sides of the membrane,
to catalyze the trandocation of the “2H" across the membrane coupled to oxidation and
reduction. For example in the second loop, Q must be reduced on the mitochondrial matrix
side (in) by eectrons coming from NADH through the first loop (Complex I) or by electrons
coming directly from succinate (Complex 11). The location of the reduction on the matrix
side promoted the binding of protons from the matrix side to form the neutra QH,, which
was then free to enter and diffuse in the membrane bilayer. The QH, was then viewed to be
oxidized near the cytosolic side (out) of the membrane by an oxidant (cytochrome ¢, Complex
I11) and to release protons into the cytosol. This describes the role of ubiquinone in mito-
chondrial respiration as a redox pool linking Complexes 1, 11, and 11l on a redox basis and
energetically serving asasimple 2H carrier at the second loop. Thissimple picture and modest
role for ubiquinone is till generally correct, but as we shall see it has proven to be far from
complete. Research demonstration and still-hypothetical models have revealed how
ubiquinone can serve in the most elegant ways as the 2H carrier in all three loops.

While ubiquinone readily satisfied the role of the 2H-carrying arm of the second loop, the identity
of diffusing 2H carriers for the first and third loops remained a serious problem for many years.
By the mid-1970s, redox centers in respiratory complexes were being discovered and described at
arapid rate. These appeared to more than satisfy the electron transfer requirements of the electro-
genic arms of the loops, but no other viable chemical candidates were discovered to equip the 2H
carrying arms of the first and third loops. The solution to the third loop, associated with Complex 111,
was initiated in a proposal by Wikstrom and Berden in 19724 that was completed by Mitchell
himself in 1976.5 Thisgaveriseto the“ Q-cycle’ scheme, which, over the past 25 years, has garnered
considerable support and has been confirmed by many experiments. As shown in Figure 4.2,
Mitchell's idea was that the ubiquinone also actually cycled in the membrane between two
ubiguinone redox catalytic sites on the Complex |11 itself, which he called Q, and Q, sites for their
location on the outer and inner side of the mitochondrial inner membrane. Thus, looking ahead to
Figure 4.3A, the two siteswerethe terminals of the e ectron transferring el ectrogenic armin the Complex
[1l. This arm comprises a chain of two cytochromes b, named cyt b, and by, for their low and high
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FIGURE 4.2 Modified scheme that suggests ubiquinone involvement in all three hydrogen-carrying arms.
The extensive evidence supporting ubiquinone as the vehicle for the third 2H carrying arm associated with
Complex 111 is applied as a hypothetical model for ubiquinone as the hydrogen carrier in the first 2H arm
associated with Complex |. The action of Complex 11 is shown in gray to indicate its separate action regarding
its interaction with the ubiquinone pool. The inset serves to indicate the fact that the different sites exchange
with the Q. independently and the flow of Q and QH, are coupled in schemes for accounting purposes.

potentials, first resolved aong with the cyt ¢ and ¢,5® and the [2Fe2S] cluster® and characterized in the
early 1970s in mitochondria and other organisms. The two hemes promote single electron tunneling
directed across the membrane between the ubiquinone sites. Thus, in Complex 111, the Q and the QH,
cycle between the Q, and the Q, sites to form the 2H arm of the third loop of the respiratory chain.

Similar simultaneous attempts to explain the first loop associated with Complex | naturally
drew on flavin'® and the seven or eight iron sulfur clusterst! discovered associated with the complex
(see [12] for a discussion). However, these schemes have been rendered obsolete with the recent
findings'®8 that the flavin and iron sulfur cluster redox centers are not positioned in the membrane
profile, but rather in a large section of Complex | subunits that extends as much as 100A into the
matrix aqueous phase'® (see Figure 4.5). The iron-sulfur cluster identified at a position closest to
the membrane agueous interface on the matrix side has been identified as a [4Fe4S] cluster called
N2. Thus, the only interfacial N2 and the membrane ubiquinone currently remain as candidate
redox centers for the proton pumping mechanism at Complex I. In 1998, using just these compo-
nents, we proposed a hypothetical model that accommodates ubiquinone as the 2H carrier of the
first loop.*2 This suggested simply that ubiquinone also cycles around Complex | asshown in Figure
4.2 in amanner that shares symmetry with, and displays many of the characteristics of, the well-
established “ Q-cycle” scheme of Complex I11, including two ubiquinone analogous to the Q, and
the Q, sites; these were called Q,, and Q,, Sites.

Despite these changes to the original scheme, as before, 6 protons and 49* (2g* with Complex |
and 2g* with Complex I11) are trandocated out of the mitochondrion for electron transfer from
NADH to cyt ¢, and 4 protons and 2g* (2q+ with Complex 111) are translocated out for electron
transfer from succinate to cyt ¢. The remaining two charges (i.e., only 2q+*) are associated with cyt ¢
oxidase as in Figure 4.1. Although the main scheme of Figure 4.2 specifying the routes of the
neutral arms of QH, and Q flow between the various reaction sites is useful for accounting purposes,
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FIGURE 4.3 The two parts of energy conversion mechanism of Complex |11 and an analogous hypothetical
model for Complex I. In A, in order to complete the turnover of the modified scheme, the Q, site of the Complex
Il must oxidize two QH, molecules and the Q; site reduce one Q molecule. Thus the overall reaction is one
QH, oxidized net and two ferric cyt ¢ hemes reduced. The figure tracks the stoichiometries of electrons, protons,
and charges in each of the two parts. On the right are shown the energy profiles of the reaction’s potential values
listed in Table 4.1. Note, for simplicity, only the Q,, data discussed later isincluded. In B, the analogous reactions
are shown for Compex |; in the energetics profile, a potential of —0.05V is chosen for N2.

the inset better represents the physica relationships of the five ubiquinone catalytic sites with the
membrane pool. The various fluxes of Q and QH,, in three arms share the same space of the membrane
ubiquinone pool. While the Complex | model remains hypothetical, it is nevertheless a testament to
scientific perseverance that for over 40 years, Mitchdll’s early problematic failure to account for two out
of three 2H carrying arms has only recently acquired such a complete and elegant working solution.
Elegant as the solution may be, compared to the simple linear scheme of Figure 4.1, that
outlined in Figure 4.2 requires a bit more thought and very major modifications in mechanistic
principles. No longer is respiratory energy conversion a simple matter of smooth linear flow of
“2e-" and 2H transfer zig-zagging the membrane. Complexes |11 and | now possess localized sites
of energy conversion, namely the Q, and Q,, sites respectively, where the full extent of the free
energy of the substrate oxidant and reductant (NADH-Q and QH,-ferric cyt c) are brought to bear.
Also, when considering mechanistic models of the kind shown in Figure 4.2, electron transfer must
be considered in terms of singular events. Figure 4.3A shows the well-supported, and currently
generally accepted single electron and proton pathways in Complex I11. The process can be broken
down into two parts. In thefirst part, a QH, from the pool bindsto the Q, Ste. One electron is drawn from
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the QH, into aroughly isopotentia high potentia redox chain (Table 4.1) starting with an oxidized [2Fe29)]
cluster and then cyt ¢, and cyt c at the interface. This chain delivers the full oxidizing potentid of substrate
ferric cyt ¢ to the QH, in the Q, site to provide enough initid energy to caayze thermdly activated
endergonic eectron transfer to reach the highly reactive SQ in the site®® see the energy schemes on the
right that are drawn from the redox potentid dataiin Table 4.1. The SQ so0 formed in this trangition state™%
promptly reduces the nearby first member of alow potentia chain, cyt b,. Two protons are released from
the Q, Site and the product Q isfree to moveinto the pool. The low potentia chain, driven by afree energy
drop of —0.14eV between cyt b, and then cyt by, promotes electron transfer across the membrane to the
Q, ste where a Q from the poal is reduced to its Q; site SQ state. Asisindicated, free energy profiles on
the right, the potentids of cyt b, and the SQ/Q couples are about the same, so the eectron is shared.® In
contrast to the Q, sSite, but smilar to the Qg Ste of the reaction center,?* this reaction is feasible because
the Q is stabilized by the Q, site and, as a result, stays bound for a sufficient time to alow the second
part to proceed. In the second part, the process is repeated with only one major difference. In the
second part, the SQ in the Q, siteisfirmly reduced to QH, with the binding of 2 protons from the matrix.

TABLE 4.1
Measured and Suggested Redox Properties of Mainly Beef Heart Mitochondria
Respiratory Chain Components

1 Eectron 2 Electron E

m7
Redox Redox E.,Q/SQ SQ/QH, E,;ave(V)

Complex Center E., (V) Center V) V) log K.
| #FeS Nla -0.38 aFMN -0.389 —0.293 -0.34 -16
| FeS N1b -0.25 Q.° 0.09 0.09 0.09 0
| FeS N2 —015t0 005 Q,° 0.19 — >14
| FeS N3 -0.25 Q. -0.33 0.52 0.09 -14
| FeS N4 -0.25
| Fes N5 -0.25

FAD -0.127 -0.031 -0.08 -2
I 2Fe—2S —0.005 Qge 0.14 0.08 0.11 1
I 4Fe—4S —0.40 0.40 0.128 0.084 -2
I 3Fe—4S 0.06 I —
Il Cyt b, -0.09 Qs 0.030 0.27 0.15 -4
I Cyt by, 0.05 Qqdd -0.33 0.52i 0.09 -14
I [2Fe-25]" 0.28 Qu? —-0.22 0.38 0.08 -10
I Cyt ¢, 0.23
Diffuser NAD -0.92 0.28 -0.32 -20
Diffuser Qpool —0.23 0.39 0.09 —10
Diffuser Cytc 0.28

Succ/Fum k k 0.025 k

a see [9] for review of iron sulfur components and E,;; values
b components and E,; values hypothetical

© see [62-64]

d the Qs site includes two ubiquinones with identical properties
€ in submitochondria particles, pH 7.4 [65, 68]

f in isolated succinate ubiquinone reductase, pH 7.4 [68]

9 data from Rb. capsulatus [23]

h see[9]

i data from Rb. sphaeroides [39] Rb. capsulatus [40]

I estimate

k unknown
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In comparison to the Q, Site, the energetics of this process shown on the right appears relatively straight-
forward. Although it is well established that 2.0 = 0.1 H+ are bound as described by Complex 111 (see,
for example, 25), there is hardly any information a the molecular level on the proton movement in the
proteinitself, or releasea the Q, Site (see 26, 27). Thisisin stark contrast with thework on reaction centers

Figure 4.3B shows the hypothetical modd for Complex | in which electron and proton pathways
can be traced in the same way as Complex I11.12 The principa difference is that the initiating single
electron comes from the NADH redox chain ending with N2, which singly reduces a Q drawn from
the pool into the Q,,, Site to form an SQ. As with the Q, site, the SQ is unstable but in contrast to the
Q, Site, it acts as an oxidant to its adjacent redox center (shown as“Y”; Q,, in Table 4.1, see |ater)
to become QH,. Electrogenic electron transfer across the membrane follows in a manner vectorialy
identicd to that of Complex IlI. The Q, site analogue, Q,, Site is predicted to also stabilize the SQ
so that the QH, oxidation catalyzed by the Q,, site can occur in two distinct steps as shown. Suggested
midpoint potentials are listed in Table 4.1 and the energetics are shown on the right.

One more layer of modifications is needed before we reach contemporary views of respiratory
€lectron and proton transfer and energy conversion; again, ubiquinone is a possible player in these novel
proposals. The model needs to be augmented in light of the escalation from 6 to, at the least, 10 in the
total number of protons and charges found to be trandocated across the membrane per movement of
two eectrons from NADH to oxygen. Two of these extra protons and charges were found by Wikstrom
to be associated with cytochrome oxidase some 20 years ago.? Evidence continues to accumulate to
strongly suggest that charged proton ions (2 protons and 2q+ together) are trandocated in an oxygen-
driven proton pumping action that operatesin addition to the traditional electrogenic arm for O, reduction
to yield the observed total of 2 protons and 49+ per 1/2 O, reduced in cytochrome oxidase. The other
two protons and charges have been identified with Complex |,2-35 which obviously challenges the model
of Figures 4.2 and 4.3B. In order to double the number of protons and charges trandlocated per NADH
oxidized and Q rescued with the rather limited components available in Complex |, we have borrowed
ideas from Complex 1V and proposed an additiona role for Q in the electrogenic reaction of Complex
| asisshown in Figure 4.4. We suggest that in the electrogenic step of Complex I, there is an analogous

NADH NAD*
'
2H 2H*
1
202
H>0
Pump Pump /
-
e’ L
@
| S
Complex I v

FIGURE 4.4 Proton pumps in Complex IV and an analogous hypothetical model for Complex |. The finding
of anincreased number of protons and charges in the respiratory chain determined that the two extra trans ocated
protons/charges were associated with a localized molecular proton pump in Complex V. We suggest that a
similar pump in the Q,, site might exist in Complex | to also explain the two extra translocated protons/charges.
The position of the proposed Q,, site is also necessary to facilitate electron transfer across the membrane.
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additional proton pump eement mediated by a permanently bound ubiquinone. The pump is Situated
between the Q,, and Q,, Sites and is called the Q,, site. This purely hypothetical construct raises the
number of H* and chargestrand ocated by Complex | to nicely match the findings that close to 4 protons
and 4q* are trandocated in Complex 1. It should be mentioned that despite agreat ded of experimental
work done and viable models proposed, the details of the molecular mechanism of the oxygen driven
pump in Complex IV remain dusive;®-38 a greater challenge awaits those working on the proton
trand ocation mechanisms in Complex I.

4.3 UBIQUINONE CATALYSIS, SEMIQUINONES, SITE
STRUCTURES, AND REGULATION IN ENERGY CONVERSION

It is well known that many substrate redox couples such as NADH/NAD™, succinate/fumarate or
ubiquinone QH,/Q in solution are remarkably resistant to chemical oxidation-reduction by adven-
titious oxidants and reductants. Such stability is commonly attributed to the highly cooperative
two-electron transition (n = 2.0) between their oxidized and reduced forms, typified by Eq. 4.2
for Q and QH,, in which the highly reactive, singly reduced ubisemiquinone (SQ) state is always
at vanishingly low concentrations. Oxidation or reduction of quinone in solution is slow, because
an encounter with a single eectron oxidant or reductant will only rarely generate the SQ state, and even
more rarely will this SQ state encounter another oxidant or reductant to complete the net 2-electron
transfer. Mitchell estimated the SQ to be maximally present in ubiquinone solutions at equilibrium
at about 1 part in 10%° and so, not surprisingly, the SQ has not been detected to date. The absence
of a detectable characteristic SQ radical g = 2.0045 EPR signal has pushed the limit of the SQ
stability down to about 1 part in 107. The actual stability of the SQ of ubiquinone itself remains
unmeasured, but it is likely to be very low, perhaps lower than Mitchell’s estimate of the semi-
quinone stability constant (Kg,,) of 10~%° given by Eq. 4.2:

QH, + Q=23Q;  Kua = [SQIZ[QH,[Q] (4.3)

The most reliable investigations aimed at determining the redox potential of the QH,/Q couple
inthe Q. iN membranes suspended in aqueous media has not been done with mitochondria. Detailed
measurements have been done on photosynthetic bacterial membranes of Rhodobacter sphaeroides
and Rb. capsulatus, yielding the same value of +0.09 = 0.01V at pH 7.0 (E,;); 2 protons and
2 electrons were demonstrated to have been exchanged from pH 5 to 9 in line with Eq. 4.2.3%4 To
our knowledge, ubiquinone has never been measured in mitochondrial membranes by a reliable
potentiometric method. Earlier values determined for mitochondrial ubiquinone were somewhat lower
(~ + 0.06 V) and amost certainly influenced by the method of measurement.*! Nevertheless, the
value obtained for ubiquinone with bacteriais most probably close to that in mitochondria. Although
the redox potential values presented in Table 4.1 for ubiquinone in the membrane and in the various
sites are not al from mitochondria, the detailed potential values of ubiquinone in analogous sites
from different biological species will be close enough not to impact on general mechanistic consid-
erations at the present stage of development. We can divide the ubiquinone sites so far discussed into
three broad classes based on both the K, and the functional role.

4.3.1 Sites oF PRIMARY ENERGY CONVERSION: SQ NOT SIGNIFICANTLY
StaBiLizeo—K;,, Low

These sites are at the heart of energy conversion in the Q, site in Complex |11 and the proposed
Q,, sitein Complex |. These sites require a combination of the low Kg,, of the SQ in the site and
aremarkable cooperation of the two, one-electron redox centers, which must closely flank the site.
Itisthisarrangement that givesriseto the well-known phenomena of “ oxidant-induced reduction”
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catalyzed by the Q, site in Complex |11 oxidation of cyt ¢, and hence [2F€2S], causes the reduction
of cyt b.. We predict that the Q,, site will operate smilarly to catalyze the “reductant-induced
oxidation,” that is reduction of the N2 cluster will licit the oxidation of QH, in the Q,, site.?

The emerging structures of Complex |1l from several research groups®#* are an exciting
development. Unfortunately, no ubiquinone has yet been identified in the key energy converting-
Q, site of any of the crystal structures to date. The ubiquinone complement in many cases has
dissociated from the isolated complexes during isolation or, if present, may have become
disordered® during the crystallizing procedures. However, the location of the Q, site, like that
which presaged the identification of the Q, site occupant, has been deduced from the clear local-
ization in the structures of the headgroups of the strongly binding inhibitors such as stigmatellin
or the methoxyacrylates that readily cocrystallize with Complex I11. Extensive biochemical studies
have demonstrated that stigmatellin closely interactswith the [2Fe-25] cluster and raisesits potential
over 0.2 V.47 Methoxyacrylates are positioned close to cyt b, (see refs [48-51] for discussions and
earlier references). The x-ray structures provide vivid views of earlier models of the Q, site operation
discussed above, supporting the requirement that the Q, site ubiquinone must be flanked by the
[2Fe-25] cluster and cyt b, . However, the structures also gave us something completely unexpected.
The [2Fe29] cluster subunit appears in different locations in the various x-ray structures. It seems
likely that the [2Fe2S] cluster subunit flanking the Q, site actualy rotates through about 55° and
translates the cluster over a distance of about 10 A between the ubiquinone of the Q, site and the
cytochrome c,. This has been collectively considered by the crystallography groups to perhaps be
an essential component of the regulation of the remarkable bifurcation of the two electrons from
QH, in the Q, site, one adong the high potential chain in one direction and one down the low
potential chain in the other.

Recent experiments done on mutants of Rb. capsulatus have revealed and time-resolved the motion®?
of the[2Fe29] cluster subunit in the primary energy conserving stepsof Complex 111 If we apply eectron
tunneling caculations® to the Complex |11 structures [see 52] they clearly show that for eectrons to
pass from the QH, at the Q, Site to cyt ¢, the intervening [2Fe29] cluster must move. The caculations
and measurements® also show that the motion could be an essential mechanica regulator, which may
be likened to the escapement mechanism in clocks. The mechanismis based on the large difference (for
10A,, about a 10°-fold2°53) in electron transfer rates from the QH, to the [2Fe2S] cluster when proximal
to the Q, site or when proximal to the cyt ¢, heme. The controlled rate of transit in microseconds time
is viewed to regulate the transfer of one electron out of the QH, giving time for the electron on the SQ
to escape through cyts b, by, and the Q, site across the membrane to usefully generate Ay Figure 4.4
shows how the escapement might work; it is quite reversible.

We have searched for evidence for a similar action in the analogous [4Fe4S] cluster subunit,
N2 of Complex I, and find encouraging hints that it may also move. For instance, like the [2Fe2S]
cluster of Complex 11, the N2-containing subunit, either TYKY or PSST, is located close to the
membrane agqueous interface'>* and has approximately the same molecular size (20 kDa). The N2
similarly displays pH dependent redox potentials and has along history of variable values (—0.050 to
—0.150V).% Moreover, it displays sensitivity to the inhibitor rotenenone, which causes a 0.05V
positive shift in the potential, [T. Ohnishi personal communication] perhapsin line with that of the
[2Fe2S] cluster, the potential of which is very sensitive to additions of stigmatellin.#” N2 displays
multiple spin couplings with radicals considered to be adjacent SQ states,6:5” which could belong
to the Q,, at various distances or, through it, to the Q,, site. In this speculation, as with the [2Fe2S]
cluster of Complex 111, the N2 subunit would move between an adjacent low potential iron-sulfur
cluster, perhaps N4 or N5,% and the ubiquinone bound to the Q,, site. In the same way as indicated
in Figure 4.5 aregulated, escapement-like reduction of the Q,, site Q may occur with one electron
received from the NADH iron-sulfur redox chain and one received from the Q,, site essential for
energy conversion in Complex .12

The most thorough kinetic, thermodynamic, and biochemical and molecular biological work
done on primary energy converting quinone sites has been with the Q, site of the Complex |11 of
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FIGURE 4.5 An escapement mechanism for regulating QH, and Q oxidation reduction in Q, site energy
conversion.

Rhodobacter capsulatus. These studies suggest that there are in fact two ubiquinone binding
domains, called the Q. and Q,,, domains for their strong and weak binding interactions with the
Q, site 22485159 The occupant of the Q. domain is characterized by a very slow exchange with the
Qpoa While the Q,,, domain supports rapid exchange of Q and QH, with the pool. The midpoint
potentials of the ubiquinones of both domainsin the bacterial Q, site are within 0 to 0.15V of that
of the Q. Showing little or no ateration of the average potential upon binding to the site, and
hence little or no functionally significant preferential binding affinity of the site for either Q or
QH,. Not surprisingly, no SQ states have been assigned to the Q, site. Only recently has the degree
of mitochondria Q, site stability been clarified. Experiments done in the early 1980s%° showed that
under turnover conditions, aradical species assigned to this site could easily be detected. However,
recent work®! has demonstrated that this radical was not associated with the Q, site, but with the
Q. site associated with Complex I1. This result is consistent with many redox titrations done on
the ubiquinone of the Q, site. Furthermore, examination of Complex |11 of Rhodobacter capsulatus
by EPR under equilibrium conditions suggests the Ky, values are lower than 10-7.%° More recent
estimates based on functional considerations put them much lower than this, at 10-° for the Q,,,
site and 10 for the Q. Site ubiquinones;? these are the values used in Figure 4.3A and in Table 4.1.
However, further considerations based on our electron tunneling rate calculations? suggest that the
Kga VA Ues could be aslow as 10-2* before adversely impacting on the rate of Q/QH,, redox catalysis
(ke 1700 s71) by the Q, site. Table 4.1 presents suggested properties of the hypothetical Q,, site
proposed to fulfill the same primary energy converting steps in Complex I.

4.3.2 SiTEs OF SECONDARY ENERGY CONVERSION: SQ STABILIZED
SIGNIFICANTLY—K(7 o5 BETWEEN 1074 AND 10

The engineering tolerances for the operation of these secondary sites are much greater than evident
in the sites typified by the Q, site. The archetype of this class is that of the ubiquinone in the Qg
site of the bacterial photosynthetic reaction center, which has enjoyed 20 years of detailed physical,
chemical, and more recently, high resolution structural investigation.?* In this class the effect of
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binding ubiquinoneto abinding siteis sufficient stabilization to catalyze the normally Q/QH, transition
in two sequential n =1 steps, as indicated for the Q; site in Figure 4.3A. The midpoint potentials of
the individual n = 1 steps (Q/SQ and SQ/QH,) of this class are usually not far (< 60 mV) from
that of the Q.. as listed for the Q, and the Q; site of Complex 11 in Table 4.1. The position of the
quinone headgroup of the Q; ubiquinone near the matrix side of the crystallized Complex 11144 was
first roughly located by the easy visualization of the inhibitor antimycin, long considered to displace
the Q of the Q; site and well known to interact with heme by, in the cytochrome b subunit. Indications
of thewesk but clear electron density of a ubiquinone headgroup close to the heme by, isemerging. The
andogous but gill hypotheticd Q,,, Site is predicted in our proposal to exhibit the same properties and
perform the same, athough functionally reversed in Complex |; these are listed in Table 4.1.

The much simpler Complex 11525 possesses a long single electron redox chain starting with
FAD at the catalytic site of fumarate/succinate oxidation-reduction followed by three iron sulfur
clusters leading to the Q, site in contact with the Q,,, in the membrane. The site has been shown
to contain a pair of ubiquinones that possess quite stable SQ states with K, values in the 102 to
10 range.®5-%8 The strong spin—spin interaction of the SQ statesin the two ubiquinones has enabled
an estimate of their proximity at about 8A edge-to-edge.t® Similarly, both spins interact with and
are relatively close to the nearest of the three iron-sulfur clusters. Whether one or both Q, site
ubiquinones exchange with the Q,,, or whether there is another site akin to the Q,,, domain of the
Q, site that rapidly exchanges Q/QH, with the poal, is not presently known. While no structure for
Complex Il isin hand, there is a structurally and functionally related one of the E. coli fumarate
reductase that possesses two structurally different menaguinones in the membrane spanning
region.”® Moreover, the structure demonstrates that the possibility of three, in-sequence ubiquinone
catalytic sites, as proposed to span the membrane profile in Complex I, is not so far-fetched.

4.3.3 Sites WitH SQ GREATLY STABILIZED—K( 1,5 PERHAPS > 104

In the most extreme cases, the bound quinone uses only one redox couple to guide single tunneling
electrons through protein to specific destinations as seen in the Q, sites of bacterial and plant (PSI1)
photosynthetic reaction center.’® The hypothetica Q,, site suggested for the pump element in
Complex | would be a member of this class. Q,, would be permanently bound, like Q,. However,
while the Q, site operates strictly between its ubiquinone and ubisemiquinone anion states, with
the semiquinone anion highly stabilized and the QH, suppressed by the site structure, it is proposed
that the Q,, site will operate strictly between its hydroquinone and semiquinone states, with the
presence of the quinone state suppressed. |n Figure 4.4 we have suggested that the transition involves
the exchange of one proton, although the possibility of two protons has been considered.® See Table 4.1
for the suggested redox state and midpoint potential and reference [9] for further details.

4.4 ENERGETICS

Table 4.1 and Figures 4.3 and 4.4 provide the basic information that makes 10 protons and 10
charges fit well into an efficient respiratory chain and, for our point of focus here, why for Complex I,
I1, and I11, the 8 protons and 6 charges translocated fit so well into the highly reversible and major
segment of the chain between the substrates. Figure 4.6 summarizes our discussions of the devel-
oping mechanistic roles of ubiquinone and focuses on the central position of ubiquinone in the
overall thermodynamics of these three complexes. Thus, as obtained from Table 4.1, the midpoint
potentia difference (AE,,;) between the NADH/NAD* (—0.32 V) and QH,/Q (+0.09 V), between
succinate/fumarate (+0.025 V) and QH,/Q, and between QH,/Q and ferro/ferri cytochrome c are
quite different: 0.41V, 0.065 V, and 0.18 V, respectively. As indicated in the legend of the figure,
because two electron equivalents are transferred to and from QH,/Q, the AG® values for the redox spans
of eech steare —0.82 eV, —0.13 eV, and —0.36 €V per mole of Q reduced or QH, oxidized. The other
critical component of the energetic description of the respiratory action is the transmembrane
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FIGURE 4.6 Contemporary working model of the roles of ubiquinone in electron and proton transfer and
energy conversion in the mitochondrial respiratory chain. The figure incorporates the component parts dis-
cussed in the earlier figures and throughout the text. The energetics are taken from the substrate potentials of
Table 4.1. The areasidentified on Complexes|, 111, and IV circumscribe the regions of the complexesidentified
with primary events of energy conversion; these events are localized and in principle not much different from
the primary events of light energy conversion in the photosynthetic reaction center shown on the left. For the
potential and energy scales at the bottom —A G° = n, AE,; in €V where n,_ represents the number of electrons
transferred per mole of NADH or succinate oxidized or ¥, O, reduced, in this case 2.0; the scale is multiplied
by 23.06 kcal per volt equivalent to convert into kcal/mole.

Note: Symbols used to represent the redox cofactors are as follows: hexagons, ubiquinone; three small fused
hexagons, flavins; cubes, [4Fe4S] or [3Fe4S] clusters (see Table 4.1); small diamonds, [2Fe2S] clusters; circles,
copper atoms,; and squares in various orientations, hemes in the respiratory complexes or chlorins in the
reaction center.

electrochemical potential (Aw,,,) across the inner mitochondrial membrane. A large number of
measurements done of the optimal Aw,,, values achievable fall in the range of 0.16 to 0.19V. This
is usually taken to comprise a ApH (out-in) of about 0.5 units (equiv. 0.030V) and the Ays (out-
in) of 0.12 to 0.16V. While the component values of the ApH and Ay can vary widely depending
on metabolic conditions and physiology and biological species, thetotal Au,,, valuesremain faithful
to the widely different AG° value spans of each complex in the respiratory chain and the number
of protons and charges translocated (N, ) according to Eq. 4.4.

Apyy. (in-out) = —AG/N,. (V) (4.4)

If we look first at Complex Il1, perhaps the most secure in its experimental characterization,
operating with a AG® of —0.36 eV (i.e., assuming for simplicity that the QH,/Q, and ferro/ferri
cyt ¢ couples are operating at their midpoint potentials) we find that for 2 protons and 2 charges
translocated per QH, oxidized by two cytochromes ¢, a Au,,, of 0.18V can be generated, nicely
within the range of measured A, values. The variance about this value can easily be accounted
for by variances that only differ dightly from the biological “standard” states of UQ and cyt ¢
defined by the AG® and AE,; values. For instance, for a prevailing Au,,, value at the lower end
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of the range (0.16 V), the AE,, between the QH,/Q couple and ferro/ferricyt ¢ would be similar
and hence (20 mV) smaller than indicated by the standard states. Complex |1, operating between
succinate/fumarate and QH,/Q (AE.; 0.065 V and AG°® —0.13 eV) can indeed easily trandocate
two hydrogens to help develop a ApH equivalent to —0.06 eV (or a ApH of one unit) and operate
comfortably to meet the energetic requirements without moving far away from their respective E,
values. The same thinking must apply to Complex | with its AG® that is over ten times the value
available to Complex Il and more than double that of Complex IIl. The AG°of —0.82 eV can
comfortably accommodate the translocation of 4 protons and 4 charges per NADH oxidized and
Q reduced. Indeed at a prevailing A, value of 0.18V, as discussed for Complex Il1, 4 protons
and charges translocated would require 4 times 0.18V or —0.72 €V before matching the prevailing
A wy., again leaving a AG® of 0.1 eV to spare.

It might be asked why Complex | does not individually operate at the higher values of the Aw, ..
range, to its maximum Ay, vaue of 0.205V (i.e.,, 0.82 eV divided by 4) or whether Complex | can
perhaps accommodate the translocation of afifth proton and charge, or whether Complex |1 could
drive the translocation of hydrogens to a ApH of one unit instead of the commonly measured
0.5 unitsor drive twice as many hydrogens. It is, however, possible that the lower A, prevailing
value may be dictated by the smaller energetic span of Complex 111 or by the individual kinetics
of each Complex. But it should be remembered that this discussion is only applied to the
“standard” state and when under operating conditions, it is the E, values and AG that matter. It
is equally important to recognize that the potentials and free energy differences and proton/charge
stoichiometry variances that we are discussing are rather small and at the uncertainty limits of
measurement in avery complicated system. The development of methods to realize more precise
measurements is certainly justified, but for now the picture presented in Figure 4.5 is a very
good approximation.

4.5 PROPERTIES AND POTENTIAL REACTIVITY OF
UBISEMIQUINONE RADICALS WITH MOLECULAR OXYGEN

Table 4.1 summarizes the redox potentials of ubiquinone in the pool and the various catalytic
sites in Complexes 1111 and compares them with the agueous properties of the lower redox
states of oxygen. The ubiquinones in sites such as the Q,, Q,,, and Q, sites that are involved in
the simple interfacing of single electron transfer chains with the Q,,, display mildly reducing
and oxidizing redox potentials not far from the average value of the Q.. More striking are
the low and high redox potential values associated with the single electron couples involving
Q/SQ and SQ/QH, in the Q, site of Complex Ill and the hypothetical Q,, site of Complex |
sites where the ubiquinone is central to the primary steps of energy conversion. These SQ states
do have the thermodynamic potential to reduce molecular oxygen to the superoxide state. And,
although the ubiquinone SQ states must be short lived in the energy conversion process, there
is the finite possibility that following O, reduction to the superoxide, further interactions ensue
that lead to a cascade of damaging oxygen and other ubiquinone radical states emanating from
these catalytic sites. The table provides us with the sources and the basis for understanding
superoxide generation from Complex | and |11 of the kind first described by Chance and Boveris,
25 years ago.™2
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5.1 INTRODUCTION

Biologica molecules can be considered as “ nanomachines’ that carry out al the physiological functions
needed in theliving cell. These moleculesare organic compoundsthat can form complex macromolecules
in most cellular components. Although organic compounds are relatively stable in anaerobic environ-
ments, oxygen can combine with most of them causing an oxidative dteration. In the vast mgjority of
cases, this oxidation produces the partial or total inactivation of the biologica molecules.

Cells have developed different defensive systems to survive in the presence of oxygen and its
highly reactive species (ROS), in other words, systems that prevent the oxidation of their organic
molecules. These mechanisms include antioxidant enzymes and small water- and lipid-soluble
molecules able to be oxidized, rendering stable redox species.! Among these, coenzyme Q (CoQ,
ubiquinone) is the only lipid-soluble antioxidant that is present and can be synthesized in all
organisms studied thus far.? The ubiquitous presence of this molecule in cellular membranes
suggests a very important role in the cell physiology.

Writing about CoQ has, for many years, been synonymous with writing about the electron transfer
and energy transduction in the inner mitochondrial membrane. However, that point of view has been
widened with the evidence that CoQ is also present in serum lipoproteins, endomembranes, and the
plasmamembranein animal cells.® Plasmamembranes from yeast cells also have a substantial amount
of CoQ.* However, the plant plasma membrane apparently lacks CoQ. Instead, the naphtoquinone
vitamin K might substitute for the extramitochondria role of CoQ in higher plants.

0-8493-8732-9/00/$0.00+$.50
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Ernster and Beyer® have extensively documented that CoQ acts as an antioxidant within
extramitochondrial membranes. This role for CoQ was completely accepted when it was demon-
strated that CoQ is not physiologicaly isolated, but related to other redox molecules. Different
authors reported that CoQ keeps other antioxidants reduced such as vitamin E”8 and vitamin C.°
Moreover, CoQ can be reduced by several extramitochondrial NAD(P)H-dependent enzymes.10-13
This electron transport upstream and downstream of CoQ draws a meaningful picture for CoQ as
a nonmitochondrial antioxidant integrated in the cell physiology.

CoQ is unevenly distributed among the different cellular membranes.3** This could be a conse-
guence of its proposed diversified roles in different membranes.>6 Recent results indicate that
oxidative stress causes changes in the intracellular distribution of CoQ in mammalian and yeast
cells (see [17, 18] and balance of this chapter). This redistribution suggests that CoQ content may
not be a feature dependent on the membrane location. On the contrary, the membrane content of
CoQ could be the consequence of the physiological status of the living cell.

The involvement of extramitochondrial CoQ in the defense against oxidative stress explains
the enhanced resistance to undergoing apoptosis in serum-depleted, CoQ-enriched cells!” This
enhancement is similar to that produced by other antioxidants such as ascorbate or vitamin E using
similar whole cell systems.1®20 Furthermore, an in vivo model using Long-Evans rats definitely
demonstrates the cooperation between vitamin E and CoQ in the defense against oxidative stress.?
The control of cell growth and differentiation also has been related to the cellular redox status.
CoQ, aswell as ascorbate, also hasinfluence on cell growth.?223 The supplementation of cell culture
media with CoQ leads to an increase of cell growth and also partialy prevents oxidative stress-
induced apoptosis.2024

In this chapter, we will present a detailed review of how extramitochondrial CoQ participatesin
nonmitochondrial membrane-associated redox activities and its consequencesin several physiological
processes such as the defense against oxidative stress or the control of growth and death of cdlls.

5.2 PRESENCE OF COENZYME Q IN
EXTRAMITOCHONDRIAL MEMBRANES

The first complete study of CoQ distribution in endomembranes was carried out in subcellular
fractions of rat liver hepatocytes. The results showed that CoQ appears unevenly distributed among
cell membranes. Surprisingly, Golgi membranes and lysosomes contained as much CoQ as was
found in inner mitochondrial membranes, followed by the plasma membrane, whereas much less
CoQ was associated with the endoplasmic reticulum.® Interestingly, the concentration of CoQ in
microsomes responds to stress in a different way than that of mitochondria.'>

The analysis of the redox state of CoQ is helpful in indicating its possible functions in
extramitochondrial membranes. The study by Takahashi et al.'* has confirmed the evidence that all
subcellular fractions contain significant amounts of CoQ, although the levels at the plasma mem-
brane were higher than in previous studies. A significant portion of total CoQ (70 to 80%) was
present in the reduced form (ubiquinol, CoQH,) in most membranes, although this ratio was
decreased to 30% in the plasma membrane.

CoQ has also been detected in the plasma membrane, mitochondria, and azurophilic granules
of neutrophils.?® While a function for CoQ in the generation of ROS was initialy suggested,??7 it
isnow clear that NADPH-oxidase activity of neutrophils does not require CoQ.?2 More likely, CoQ
might protect the plasma membrane from the reactive species generated by these cells. In the yeast
Saccharomyces cerevisiae, CoQ has also been measured in the plasma membrane and level s change
according to the yeast strain used, culture media, and the growth state.*

The uneven CoQ distribution not only suggests an important role in each membrane, but also
indicates that there may exist a specific mechanism of synthesis and/or distribution. A key enzyme in
CoQ biosynthesis—nonaprenyl-4-hydroxy-benzoate transferase—was found in several subcellular
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fractions,? indicating a possible biosynthesis pathway common to the various compartments. This
possibility was restricted to endoplasmic reticulum and Golgi membranes by later studies showing
an interlocked synthesis between both fractions mediated by amidway fraction called Sl or smooth
Il microsomes. This data, together with the high CoQ levels in Golgi membranes, suggested the
seguence endoplasmic reticulum-Golgi as the way of synthesis and distribution of CoQ among cell
membranes.3® More recent studies of CoQ biosynthesis in Saccharomyces cerevisiae have chal-
lenged thisinterpretation and demonstrated that, at least in yeasts, the CoQ biosynthesisisrestricted
to the inner mitochondrial membrane, and likely catalyzed by an enzymatic complex.3* This
observation showed that CoQ hiosynthesis is a more complex pathway that could have dissimilar
mechanisms in different organelles.

Mechanisms for CoQ distribution still remain obscure, but recent evidence obtained by our
group may serve as a starting point to analyze the relationship between CoQ distribution among
membranes and the physiological state of the cell. Thus, the treatment of yeast cells with H,0O,
produces an increase of CoQ at the plasma membrane and a decrease in the rest of the membranes.
This effect may be due to a CoQ mobilization between membranes or to de novo synthesis. The
existence of a unique CoQ synthesis location in yeasts and the inhibitory effect of H,O, treatment
over hiosynthetic genes,?? alow us consider CoQ mobilization as the most likely explanation for
these results.

Another indication that an active mechanism exists to deliver CoQ comes from the use of yeast
mutant strains defective in the CoQ biosynthesis pathway. A yeast strain harboring a point mutation
in the COQ7 gene did not grow in culture media with nonfermentable carbon sources, even if
supplemented with exogenous CoQ,. However, in another mutant strain obtained by total deletion
of the COQ7 gene (cog7A), the growth was restored by added CoQ,. Interestingly, CoQ was
incorporated into the plasma membrane in both strains, but was only delivered to the mitochondria
in the cog7A mutant.

5.3 BIOCHEMISTRY OF EXTRAMITOCHONDRIAL UBIQUINONE

As aresult of its antioxidant function, CoQ becomes oxidized. However, a substantial amount is
maintained in its reduced state in the plasma membrane and endomembranes,** and in plasma
lipoproteins as well.” Furthermore, natural ubiquinones become reduced after dietary uptake.®
Although it is generally accepted that oxidized CoQ isthe final product of its biosynthetic pathway,
the de novo synthesis of the hydroquinone has aso been proposed to contribute, at least partially,
to the high levels of CoQH, observed in vivo.>** However, de novo synthesis cannot explain how
CoQH, is maintained during oxidative chalenge. Thus, it is clear that some enzymatic systems
must operate for CoQH, regeneration from its oxidized or semioxidized quinone. In the mitochon-
dria, this function is linked to the electron transport chain dehydrogenases and other enzymes as
well.23536 Current evidence supports that, similar to the inner mitochondrial membrane, CoQH,
regeneration in extramitochondrial membranes is accomplished by the electron transport linked to
oxidation of pyridine nucleotides by flavodehydrogenases.

Several enzymes have been reported to function as CoQ reductases outside mitochondria; most
of them were previously characterized as flavoenzymes.2” They fall into two categories according
to the reduction mechanism of the quinone: one-electron CoQ-reductases, which reduce CoQ in
two successive electron transfers via a semiquinone intermediate (as is the case for mitochondrial
NADH-CoQ reductase), and two-electron CoQ-reductases, which reduce CoQ directly via simul-
taneous transfer of two electrons to the quinone.

5.3.1 ONEe-ELEcTRON UBIQUINONE REDUCTASES

Two extramitochondrial enzymes able to reduce ubiquinone through a one-electron mechanism
have been described. Both are integral membrane proteins whose participation in microsomal
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electron chains has been long recognized, namely the NADH-cytochrome b reductase and the
NADPH-cytochrome P450 reductase.

The NADH-cytochrome b, reductase has been found in the cytosolic side of all endomembranes
and the plasma membrane, and in the erythrocyte cytosol .%11:383° The reductase was known primarily
by its function in the reduction of microsomal cytochrome b to transfer electrons to the nonheme
iron fatty acid desaturase,*® and as a methemoglobin reductase.® This enzyme has also been related
to the detoxification based on cytochrome P450 as an alternative source of electrons.’® In addition,
cytochrome by reductase reduces a variety of quinones by a one-electron mechanism to generate
the corresponding semiquinones and hydroguinones in the absence of cytochrome b;,'° and has
been proposed to be involved in CoQH, regeneration in the plasma membrane.®%4! Incubation of
pig liver plasma membranes with NADH results in the reduction of endogenous CoQ),, to CoQ,,H.,
an activity attributed to the NADH-cytochrome b reductase.*?

AsaCoQ reductase, the enzyme displays maximal activity with CoQ,, ahydrophilic CoQ analogue.
Reduction of natural hydrophobic homologues with long isoprenoid side-chain such as CoQ,, requires
reconstitution into phospholipid liposomes.** The quinone moiety of CoQ, is freely movable in the
lipid bilayers and thus, it can orient itsdlf toward both sides of membranes,*® (see [43] and the balance
of this book). At the cytosolic layer, CoQ,, might be accessible to the catalytic domain of NADH-
cytochrome b reductase, similar to the reaction between CoQH, and cytosolic myoglobin.*

NADPH-cytochrome P450 reductase can also reduce quinones through a one-electron mecha-
nism.° Evidence for the putative role of this enzyme as a CoQ-reductase arises from the ability of
NADPH-driven electron transport to inhibit lipid peroxidation, possibly through antioxidant recy-
cling in a process requiring CoQ.3¢

5.3.2 Two-ELecTRON UBIQUINONE REDUCTASES

Two enzymes have been reported to reduce ubiquinone through atwo-el ectron mechanism, both residing
in the cytosol: DT-digphorase,>*° and a distinct NADPH-dependent ubiquinone reductase. 134647

Cytosolic DT-diaphorase is an inducible enzyme that can reduce a great variety of quinones and
other substrates as well, as it is very sensitive to low concentrations of dicumarol. Much is known
about its biochemistry, mechanism, and molecular biology,®#484° athough its physiologica role has
till not been defined. Since this enzymeis particularly active in the reduction of hydrophilic quinones,
but displays little reactivity towards hydrophobic ones, its putative role in reduction of extramitochon-
dria CoQ,, was not initialy considered.3” However, it has been recently reported that DT-diaphorase
can maintain the reduced state of hydrophobic ubiquinonesin phospholipid liposomes, thus promoting
antioxidant function. Consequently, the suggestion was made that this could represent its actual role
in vivo.22%Although DT-diaphoraseis asoluble protein, its assay requires detergent to achieve maximal
activity, which might indicate that the enzyme can interact with membrane components located at the
membrane-cytosol interphase.’? In addition, a minor portion is usualy associated with membranes,3
which may be relevant for protection of extramitochondrial membranes against oxidative stress?

In addtion to DT-diaphorase, a novel cytosolic NADPH-ubiquinone reductase has been recently
described.134647 This enzyme can be distinguished from microsomal and mitochondrial enzymes,
as well as DT-digphorase, and its activity remains insensitive to low concentrations of dicumarol 1346
In vitro studies have demonstrated that this enzyme reduces CoQ in liposomes and microsomes
and also inhibits lipid peroxidation in these membranes, acting preferentialy on long-chain CoQ
analogues, like CoQ,,.*3#” Further studies have shown that this enzyme also functionsin antioxidant
regeneration in animals treated with carbon tetrachloride.*

5.3.3 EXTRAMITOCHONDRIAL UBIQUINONE OXIDASES

Ubiquinone participates as an electron carrier in transplasmamembrane el ectron transport mediating
the reduction of extracellular oxidants such as ferricyanide, diferric transferrin, and the ascorbate
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free radical.®%! The exact mechanism for electron transfer from plasma membrane ubiquinol to
extracellular oxidants has not been fully defined. Current evidence suggests that, unlike the direct
chemical reaction observed between ubiquinol and the tocopheroxyl radical inside the membrane8%
the reduction of extracellular oxidants requires additional enzymatic components facing the external
side of the plasma membrane.525> NADH-oxidase activity partially purified from the surface of
Hel a cells has been recently reported by Kishi et a.% to exhibit CoQH,-oxidase activity. Whether
this protein is a terminal oxidase of CoQ-dependent transplasma membrane electron transport
remains to be elucidated.

5.4 COENZYME Q AND THE PLASMA MEMBRANE REDOX SYSTEM

Several studies have shown the presence of significant amounts of CoQ at the plasma membrane
of eukaryotic cells such as hepatocytes®* and Saccharomyces cerevisiae,* which indicates an
important role in the biochemistry and physiology of the plasma membrane. Several possibilities
have been proposed to explain this presence; a storage for transfer to other compartments or blood
serum,® arole as an antioxidant within the lipid bilayer,® and finally, acting at the plasma membrane
as an intermediate electron carrier across the membrane as it does in mitochondria.5*

Thislast aspect links the CoQ with the plasma membrane redox system. The plasma membrane
contains several redox activities, some of them related to atransmembrane electron transport system
that reduces external impermeable oxidants using intracellular electron donors such as NADH.57:%8
Although the physiological functions of the transmembrane redox system are still amatter of study,
they have been related to the control of animal cell growth and differentiation.5”5°8° Recent evidence
supports the involvement of CoQ as an intermediate electron carrier in transplasma membrane
redox activity.

The participation of CoQ as a component of the plasma membrane electron transport has
been determined by several approaches including solvent extraction of the membranes to remove
CoQ; the inhibition of electron transport by quinone antagonists such as capsaicin, chloroquine,
and resinifera toxin; and nonfunctional CoQ anal ogues, which compete for the quinone site such as
2,3-dimethoxy-5-chloro-6-naphtylmercapto-1,4-benzoquinone and 2-methoxy-3-ethoxy-5-methyl-
6-hexadecylmercapto-1,4-benzoquinone.65! Plasma membrane redox transport is inhibited by
removal of CoQ with heptane and the activity is recovered after CoQ,, restoration.®516! Inhibitory
CoQ analogues also decrease electron transport in both isolated plasma membrane and whole
cells, and CoQ,, reverses this inhibition. In addition, redox activity is increased by short chain
CoQ analogues.562

The involvement of CoQ in the transplasma membrane redox system is supported by the
different effect of CoQ on cis-oriented redox activities (donor and acceptor sites located at the
same side of the membrane) as NADH-cytochrome ¢ oxidoreductase, and on trans-oriented activ-
ities (donor and acceptor at opposite sides of the membrane) as NADH-ascorbate free radical (AFR)
reductase. These experiments have shown that the trans-oriented activity can be modulated by CoQ,
whereas cis-oriented activity remains insensitive to the CoQ status of the plasma membrane.®

Genetic evidence for the participation of CoQ in the plasma membrane redox system comes
from the analysis of several redox activities in plasma membranes isolated with wild-type Saccha-
romyces cerevisiae and a Cog3 mutant strain deficient in CoQ biosynthesis pathways. These studies
have indicated that the plasma membrane of Cog3 mutants, which absolutely lack CoQ, has
extremely low levels of the trans-oriented activity NADH-AFR reductase, while NADH-ferricya-
nide and -cytochrome ¢ oxidoreductase activities show only partial inhibition. Deficiency was
abolished when mutant cells were cultured with exogenous CoQ, or when transformed with a
plasmid harboring the wild type gene Cog3. AFR reduction did not involve superoxide since it was
insensitive to SOD. However, superoxide produced by reaction of semiquinones with molecular
oxygen accounted for most CoQ-dependent ferricyanide and cytochrome ¢ oxidoreductases.>* These
results are apparently in contrast with those obtained with pig liver plasma membranes, where the
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FIGURE 5.1 Role of CoQ in plasma membrane redox activities. The plasma membrane CoQ-reductase (PMQR)
catalyzesthe one-electron reduction of CoQ (Q) to ubisemiquinone (SQ~) and then ubiquinol (QH,). CoQ-dependent
ferricyanide (FeCN) and cytochrome ¢ (Cyt ¢) reductases are based on superoxide generation by reaction of
ubisemiquinoneswith oxygen. Thus, both activities are sensitiveto superoxide dismutase (SOD). However, ascorbate
free radical (AFR) reductase is unique and not dependent on superoxide. Transmembrane NADH-AFR reductase
possibly involves a yet unidentified oxidase facing the external side of the plasma membrane.

cytochrome ¢ oxidoreductase is independent of the CoQ status,® (see above). This discrepancy may
be explained by differencesin theisoprenoid side-chain length of the corresponding CoQ homol ogues.
It has been reported that rates of superoxide generation correlate directly with the content of CoQ,
and inversaly with that of CoQ,, in heart mitochondria of different mammals,® and the suggestion
has been made that CoQ, and CoQ,, may play different roles as antioxidants or components of the
mitochondria respiratory chain.® This difference may be even more pronounced between plasma
membranes isolated from pig (containing CoQ,,) and yeast (containing CoQg). A scheme showing
the participation of CoQ in various plasma membrane redox activities is despicted in Figure 5.1.

The CoQ participation in the NADH-AFR reductase also indicates a role in the ascorbate
stabilization. This activity was first shown in HL-60 cells,% and later recognized in severa cell
types as neuroblastoma,® retinoblastoma,’” K-562,6168 and yeast cells. 46°

The relationship between CoQ and ascorbate regeneration was first evidenced in Saccharomyces
cerevisiae, where an increase in ascorbate regeneration activity in cells supplemented with exogenous
CoQ, was demonstrated,®® and later confirmed with the use of yeast mutants deficient in CoQ
biosynthesis.* CoQ supplementation a so enhances ascorbate stabilization in K-562 cells and NADH-
AFR reductase activity at the plasma membrane. Increasing the amount of the 34 kDa NADH-
cytochrome b, reductase by liposome fusion stimulates ascorbate stabilization in whole cells® This
phenomenon finds a physiological parallelism in the increase of both CoQ content at the plasma
membrane and ascorbate regeneration in K-562 cells observed during the TPA-induced differentiation
process,5t similar to that observed in yeast during the exponential-to-stationary cell growth transition.*

Several functions have been proposed for CoQ-dependent transplasma membrane electron
transport, including the regulation of the cytosolic NAD*/NADH ratio. The treatment of cells with
ethidium bromide produces the loss of mitochondrial DNA and the mitochondrial function.™ In
Namalwa cells, this treatment leads to an activation of the plasma membrane redox system to
reoxidize cytosolic NADH, which accumul ates in excess, exporting reducing equivalents to external
acceptors and thus equilibrating the NAD"/NADH ratio toward normal levels.” Mitochondria
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depletion of HL-60 cells with ethidium bromide results in an increase of CoQ at the plasma
membrane and transmembrane redox activity measured as ascorbate stabilization.?

Another possible function of this CoQ-dependent transplasma membrane redox activity is the
maintenance of an antioxidant system to scavenge the extracellular oxidants using cytosolic reduc-
ing equivalents exported by CoQ at the plasma membrane. The protective role of CoQ via ascorbate
stabilization is supported by recent experiments carried out by our group with yeast cells exposed
to high concentrations of H,0O, (2.5 mM). This treatment produces a severe growth arrest, CoQ
accumulation at the plasma membrane, and a great increase in ascorbate stabilization.”? This
function, linked to the role of CoQ in the reduction of the tocopheroxyl radical to regenerate
tocopherol at the lipid bilayer,””® depicts a model for antioxidant protection where CoQ protects
both the lipid- and the water-soluble phases of cells against oxidant compounds.

5.5 EXTRAMITOCHONDRIAL COENZYME Q IN THE DEFENSE
AGAINST OXIDATIVE STRESS

Oxidative stress can be defined as the result of oxidative changes in the cellular redox status. This
status is the conseguence of the equilibrium between oxidants and physiological antioxidants. The
main sources of oxidative stress are oxygen and its ROS. Extracellular ROS mainly come from the
interaction between transition metal ions and oxygen in solution, or by the radiation-induced
hydrolysis. The most important intracellular sources of ROS are oxygen-metabolizing organelles
such as mitochondria and peroxisomes (see Kehrer and Smith for a in-depth review, Chap. 2 Nat.
Antiox in health and disease).

In addition to itsrole as an electron carrier in electron chains associated with membranes, CoQH,
is an important antioxidant that protects membranes from peroxidations.63> As covered in detail in
anext section of this book, antioxidant properties of CoQH, rely on adirect scavenging of initiators
and lipid peroxyl free radicals, and its ability to regenerate other antioxidants. Extramitochondrial
membranes have enzymatic systems that catalyze the reduction of CoQ to the semiquinone or
hydroquinone using NAD(P)H (see above). Accordingly, NADH protectsisolated plasma membranes,
and proteliposomes containing CoQ,, and purified cytochrome by reductase, against peroxidation
initiated by therma decomposition of 2,2’-azobis(2-amidinopropane) (AAPH).”* These results
demonstrate an antioxidant role for the cytochrome by reductase via CoQH, regeneration at the
plasma membrane. A similar role for the NADPH-cytochrome P450 reductase, possibly through
antioxidant recycling in a process requiring CoQ, has also been proposed recently.6 This protec-
tive action of NAD(P)H is in contrast with the prooxidant effect of NAD(P)H-driven electron
transport in the presence of iron,” which can unmask its putative antioxidant function.3677

The antioxidant role of the extramitochondrial one-electron quinone reductases could be potentiated
by the reduction of tocopheroxyl radicals by hydrogquinones and ubisemiquinones. Kagan et a.” have
reported that purified cytochrome b reductase can regenerate Trol ox, asoluble analogue of a-tocopheral,
by reducing its phenoxyl radica in a process requiring NADH and CoQ,. As described earlier by
Stoyanovky et al.,” superoxide accounts for part of CoQ-mediated reduction of phenoxyl radicals
by one-electron quinone reductases. Therole of the cytochrome b, reductasein vitamin E regeneration
is in accordance with data presented earlier by Constantinescu et al.,*”® who reported the partic-
ipation of the cytochrome by reductase in NADH-driven recycling of a-tocopherol in erythrocyte
membranes. Finaly, the stabilization of extracellular ascorbate by the transplasma membrane redox
system can aso contribute to enhancing antioxidant protection both in the agueous and lipid phases.5

A protectiverole for soluble two-electron quinone reductases against oxidative stressis generally
accepted since their reaction mechanism avoids generation of the semiquinone intermediate, and
thus prevents superoxide production.® In reconstituted systems containing CoQ and NADH, DT-
diaphorase inhibits lipid peroxidation initiated by lipophilic azocompound 2,2’-azobis(2,4-dimeth-
ylvaleronitrile) (AMVN), whereas in phospholipid vesicles lacking either NADH or DT-digphorase,
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peroxidation products are observed. Also, treatment of isolated hepatocytes with dicumarol, a potent
inhibitor of DT-diaphorase, interferes with the protection provided by CoQ against adriamycin-
induced oxidative damage.'?> Also, the soluble NADPH-CoQ reductase, which remainsinsensitive
to low concentrations of dicumarol, inhibits AMVN-induced peroxidation of phospholipid lipo-
somes containing CoQ in the presence of NADPH.#

The participation of CoQ in the mantenance of the plasma membrane redox status in various
physiological processes is indicated by several types of evidence. Serum contains many factors
necessary for cellsto grow, but also a number of different antioxidants such as ascorbate and CoQ,
among others. Upon serum withdrawal, the extracellular redox bal ance shiftsto oxidant and an oxidative
stress is induced in cells, which can be prevented by the addition of soluble antioxidants,1980.81

As a consequence of the oxidative stress, serum-deprived cdlls undergo lipid peroxidation.” It is
interesting that mitochondria-deficient p° HL-60 cells, which show higher plasmamembrane-associated
CoQ levels, manifest lower lipid peroxidation when cultured without serum. These changes are refl ected
in other activities related to plasma membrane such as the ascorbate stabilization and the NADH-AFR
oxidoreductase activity. Both activities are stimulated in mitochondrial-deficient p° HL-60 cdlls. This
set of data evidences that ascorbate stabilization and NADH-AFR oxidoreductase are not influenced
by mitochondria, but by plasma membrane CoQ.% It is also noteworthy that p° HL-60 cells do not
show higher levels of lipid peroxidation than wild type HL-60 cells when growing in nonstressing
conditions. Thus, the absence of mitochondria does not lead to oxidative stress or in other words,
mitochondria may have no role in the protection against nonmitochondria lipid peroxidation.

Culturing under oxidative stress conditions induces an increase in CoQ content of plasma
membranes from both wild type and p°® HL-60 cells, but this effect is much more pronounced in
the latter cells (Table 5.1). Moreover, parental HL-60 cells loaded with exogenous CoQ mimick
the resistance exhibited by p° HL-60 cells in the absence of added CoQ. This effect is also
independent of the redox status of the CoQ, which demonstrates the participation of quinone reductase
activities that enable oxidized CoQ to perform as CoQH, does.”

TABLE 5.1
Changes in Plasma Membrane CoQ Content and Their Effect on Plasma Membrane
Redox Activities

CoQ
Content vs. Activity Activity vs.
Cell Type Treatment Control Measured Control (100%) Ref.
HL-60 cells Ethidium bromide 140% (Q,0)  Ascorbate 152% [23]
stabilization
NADH-AFR 135% [23]
oxidoreductase
PP HL-60 cells Serum-withdrawal 281% (Q,,)  Ascorbate not tested [23]
stabilization
K562 TPA 170% Ascorbate 190% [61]
stabilization
NADH-AFR 150% [61]
oxidoreductase
Rat Tocopherol-depleted ~ 138% (Q,)  NADH-AFR 191% [21]
hepatocytes diet 162% (Q,0) oxidoreductase
Yeast cells Hydrogen peroxide 132% (Qg)  Ascorbate 260% [72]
stabilization
Yeast cells CoQ addition 145% (Qg)  Ascorbate 124% [4]

stabilization
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Yeast cells are adapted to grow in the absence of antioxidants, but when exposed to hydrogen
peroxide as a source of oxidative stress, they display a rearrangement in CoQ, distribution similar
to that presented in HL-60 cells. Again, oxidative stress potentiates the ability of yeast cells to
stabilize extracellular ascorbate. In parallel to the elevation of CoQg levels at the plasma membrane,
endomembranes are significantly depleted in this lipid, indicating that in these short-term experi-
ments, the increase in plasma membrane CoQ is likely the result of an alteration in the distribution
pattern of the lipid among membranes, and not of its enhanced biosynthesis (Table 5.1).72 This
observation is consistent with those reported in rats in vivo using carbon tetrachloride as a source
of oxidative stress.*® This new distribution of CoQ might enhance the antioxidant capacity of the
first membrane barrier against external ROS.

Rodents are very useful in vivo models due to their metabolic similarity to humans. Theinduction
of the plasma membrane CoQ-dependent antioxidant system in animals has been demonstrated
using a vitamin E-deficient diet. This diet leads to a chronic oxidative stress in Long-Evans rats,
which provokes an increase in both the plasma membrane CoQ content, and CoQ-dependent redox
enzymes activities such as DT-diaphorase, NADH-AFR oxidoreductase, and other NAD(P)H-
dependent oxidoreductases.? In these long-term experiments, a net increase in total CoQ, and
CoQ,, due to enhanced biosynthesis is also observed (Table 5.1).82 The induced plasma membrane
CoQ-dependent antioxidant system efficiently prevents the lipid peroxidation in the presence of
NAD(P)H. Accumulation of lipid peroxides is also prevented by the activation of phospholipase
A, activity found in vitamin E-deficient animals.?

From all the previously discussed data, a new question arises. how is CoQ selectively accu-
mulated in the plasmamembrane under oxidative stress? Although thereis no answer to thisquestion
yet, this phenomenon suggests either: (i) a CoQ transport from the endomembranes to the plasma
membrane, via a specific protein or CoQ-enriched vesicles, or (ii) a redirection of the newly-
synthesized CoQ favoring targeting to the plasma membrane. These systems do not exclude each
other or complementary ones. The second hypothesis could be related to the up-regulation of CoQ
biosynthesis observed after oxidative metabolism stimulation by treatment with thyroid hormone.?

The increase in plasma membrane, together with the depletion of mitochondrial CoQ levels,
suggests that there may be some relationship or regulation between mitochondrial and extramito-
chondrial CoQ contents. Regardless of the molecular mechanism, the results obtained in such
different eukaryotic systems suggest that the reinforcement of the CoQ-based plasma membrane
antioxidant capacity could be a well-established eukaryotic defense system against oxidative dam-
age induced by environmental ROS.

5.6 ROLE OF PLASMA MEMBRANE CoQ INTHE CONTROL OF CELL
GROWTH, DIFFERENTIATION, AND APOPTOSIS

Evidence has accumulated for the role of transplasma membrane e ectron transport in the control of
cell growth. Addition of extracellular impermeable oxidants stimulates the growth of cultured cells
under serum-limiting conditions.?+5782 On the other hand, antiproliferative agents such as adriamycin
and retinoic acid® or tumor necrosis factor® inhibit the plasma membrane redox transport.

The participation of CoQ in the electron transfer across the plasma membrane,®5! suggests that
this molecule could be also related to growth control. Addition of CoQ,, to culture media stimulates
cell growth in the absence of serum in several cell linesincluding HelLa, BALB/3T3, HL-60,'6178 and
K562.22 Inhibitors that compete for CoQ at the plasma membrane redox system, such as capsaicin,
prevent cell growth and induce apoptosis in tumor cells.8%7 The basis of cell growth stimulation
by CoQ remains to be fully determined, but it could be explained, at least partialy, by the fact that
CoQ decreases apoptotic cell death induced by serum deprivation,'” (see below).

Since serum contains CoQ, part of the mitogenic action of serum has been attributed to CoQ.6
Growth stimulation by impermeable external oxidants like ferricyanide and by CoQ,, are additive,
which suggests that both compounds are acting at different levels. Cytometric analysis of cells
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grown in the absence of serum, but in the presence of either ferricyanide or CoQ,,, show that
stimulation by extracellular electron acceptors produces a large increase in G, phase protein,
whereas CoQ,, increases DNA synthesis and transition to G, phase.'

Plasma membrane redox activity is also modulated by cell differentiation processes. Agents
that induce differentiation, such as retinoic acid, have been related in some cases with a decrease
of redox activity in plasma membrane.® However, differentiation processes induced by TPA in HL-60
cells increase the plasma membrane redox activity, stimulating ferricyanide reductase activity in
the first 24 h of differentiation and changing the NAD*/NADH ratio.5®8° Also, TPA-induced
differentiation of K-562 cells increases ascorbate stabilization by whole cells, NADH-AFR reduc-
tase, and CoQ,, levels at the plasma membrane.5!

Cell population is based on the equilibrium among proliferation, differentiation, and cell death.
Although antioxidants including CoQ can stimulate cell proliferation in serum-limiting conditions®8+
(seeabove), alikely function of antioxidant CoQ in extramitochondrial membranesisthe prevention
of apoptotic program development, resulting in the maintenance of cell population.t’

Mild oxidative stress has been related to the development of cell death by apoptosis,®® and Bcl-
2, whichisone of the main antiapoptotic proteins, actsthrough an antioxidative pathway suppressing
lipid peroxidation developed after the apoptotic signal .8 Serum or growth factor withdrawal is a
way to initiate gpoptosis that courses through an increase of peroxidation levels in membranes.#%°
Consistent with their ability to reduce levels of lipid peroxidation, addition of antioxidants, including
CoQ, to cultures in the absence of serum results in enhanced protection against cell death.17.19.2080

Mitochondria are organelles playing an important role in the control of cell death by releasing
apoptogenic factors such as cytochrome ¢ and apoptosis-inducing factor, and the dissipation of the
electrochemical gradient across the inner membrane.®* However, disrupting the plasma membrane
electron chain with vanilloid inhibitors induces apoptosis through the modification of the redox
equilibrium of cytosol before dissipation of the mitochondrial membrane potentia is observed. 858
Addition of CoQ,, to serum-free media also maintains the growth in mitochondria-defective p°®
cells produced by a long-term treatment with ethidium bromide,'”7* indicating that this effect is
independent of the mitochondria function of the quinone.

Consistent with arole for the CoQ-dependent redox system in the regulation of theinitial events
leading to cell death caused by serum withdrawal, the protection afforded by CoQ (or other antioxidants
affecting its redox state) is independent of the expression of Bcl-2.2° If we take into consideration
that Bcl-2 protein has not been localized at the plasma membrane,®* the CoQ-dependent antioxidant
system appears to play a crucial role in protecting the plasma membrane from oxidative signals,
before the participation of intracellular systems is needed.

Apoptosis induced by serum or growth factor withdrawal courses through the activation of a
magnesi um-dependent, neutral sphingomyelinase located at the plasma membrane, with a concom-
itant elevation of ceramide acting as an intracellular secondary messenger, which causes cell cycle
arrest or apoptosis.®>% Since the cytosolic antioxidant glutathione directly inhibits neutral sphin-
gomyelinaseinvitro, and glutathi one-depleted cells show activation of the enzyme,* thisis probably
atarget enzyme for regulation by plasma membrane antioxidants. Addition of CoQ,, to serum-free
medium inhibits apoptosis and decreases long-term ceramide accumulation in HL-60 cells.*”

A higher content of CoQ at the plasma membrane might then determine a higher resistance to
developing apoptosis after serum withdrawal. This is especially relevant in mitochondria-defective
p° cells. Some of these cells, such as the fibroblast-derived p°701.2a cell line, are more sensitive
to serum withdrawal than parenta cells, and are protected by the overexpression of Bcl-2.% However,
p° lines derived from HL-60 cells, which show increased endogenous levels of CoQ and elevated
electron transport activity at the plasma membrane (Table 5.1),2 accumulate much less ceramide
and are more resistant to serum removal than parental HL-60 cells.’” Recently, we have found that
early events related to the development of the apoptosis program, such as early activation of neutral
sphingomyelinase, ceramide accumulation, and capsase activation are also prevented by CoQ,q in
a process not requiring the expression of Bcl-2.%
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FIGURE 5.2 CoQ regulation of oxidative stress-induced cell death. Oxidative stimuli such as serum with-
drawal induce an increase in lipid hydroperoxide (LOOH) levels resulting in activation of a magnesium-
dependent, neutral sphingomyelinase (Smase), which hydrolizes sphingomyelin to phosphocholine and cera-
mide. Ceramide acts as an intracellular secondary messenger activating the caspase cascade, which resultsin
cell death by apoptosis. The antiapoptotic protein Bcl-2 inhibits caspase activation and cytochrome c (Cyt ¢)
release from mitochondria. CoQ (Q) and plasma membrane CoQ-reductases (PMQR) play protective roles
that are independent of Bcl-2 and mitochondria. Increase of plasma membrane CoQ under oxidative stress
may be the result of enhanced biosynthesis and/or translocation from intracellular reservoirs such as the
endoplasmic reticulum-Golgi system and mitochondria. CoQ-reductase activity at the plasma membrane is
also increased as aresult of enhanced expression of the cytochrome b, reductase and translocation of soluble
DT-diaphorase to the plasma membrane. Increasing the levels of the hydroquinone (QH,) resultsin lower lipid
peroxidation and prevents sphingomyelinase activation. Ascorbate (ASC) stabilization through transmembrane
NADH-AFR reductase may also contribute to antioxidant protection via a-tocopherol (a-TOC) regeneration.

This protective system based on extramitochondrial CoQ is in contrast with a role for mito-
chondrial CoQ in promoting apoptosis. In this case, proapoptotic action of CoQ relies on free
radical generation by reduced and semireduced CoQ species, due to an impairment of proper
function of the inner membrane electron chain,” likely after cytochrome c release from mitochon-
dria. The possibility exists that the increase in CoQ associated with the plasma membrane observed
under severa types of oxidative stress reflects not only enhanced biosynthesis related to the
prevailing oxidative status,? but also a change in the distribution pattern of CoQ among cellular
membranesto avoid prooxidative reactionsin intracellular membranes. Thisvery interesting hypoth-
esis is summarized in Figure 5.2 and some aspects are currently under investigation.

5.7 CONCLUSIONS AND PERSPECTIVES

Minor changesin the cellular redox equilibrium can modulate enzyme activities and signal transduction
pathways and gene expression, but major changes alter the cell physiology and trigger processes such
as growth arrest and apoptosis. Evidence has accumulated supporting that, in addition to the mitochon-
dria, extramitochondrial membranes (mainly the plasma membrane) participate in the maintenance of
the cellular redox equilibrium. Anaogous to the inner mitochondrial membrane, CoQ appearsto be a
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central molecule in the extramitochondrial antioxidant machinery. A delicate baance between proox-
idant and antioxidant activity of CoQ is maintained by the equilibrium between one- and two-€lectron
quinone reductases, and its relationship with other hydrophilic and lipophilic antioxidants.

A relationship must exist between mitochondrial CoQ and that of the plasma membrane. The
study of mechanisms involved in CoQ distribution among cell membranes will help to elucidate
the actual contribution of this molecule to the regulation of cellular functions such as stress
protection, signal transduction and DNA transcription, differentiation, and cell death.
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6.1 INTRODUCTION

The wide distribution of ubiquinones (UQ) in ailmost al biological systems suggests a major role
of this biomolecule in the maintenance of homeostasis.® The isoprenic side chain, which is linked
to the benzoquinone head group, anchors the molecule in the lipid phase of biological membranes.
Nevertheless, UQ isinhomogenously distributed in biomembranes. This observation indicates that
loading of the various biomembranes with UQ is actively regulated rather than being a result of
passive partitioning. Thisfact strongly suggeststhat in some membranes, UQ ismorethan abuilding
block of the membrane architecture, although UQ is thought to contribute to the structural integrity
of biomembranes. The highest values of UQ are found in mitochondria, Golgi vesicles, and
lysosomes.? The recognition that UQ exerts bioenergetic functions in mitochondria has focused the
interest of many scientists for more than four decades and culminated a Nobel prize for Peter
Mitchell.

Very little is known about the role of UQ associated with Golgi vesicles. Crane reported that
in Golgi membranes, UQ may contribute to proton transl ocation assuming the existence of adequate
redox-couples that are functionally in contact with UQ.3 It seems to be clear that Golgi apparatus
sorts many types of molecules after being transported from their sites of generation to these vesicles.
Whether UQ is one of these molecules passing through the Golgi structure or whether it exerts
bioenergetic functions as suggested by Crane cannot be answered yet. Even less is known with
respect to why lysosomes contain unusually high amounts of UQ. All enzymes present in the lumen
of lysosomes are optimally active near the pH of 5 maintained within these organelles. The fact
that lysosomal enzymes require an acid pH for optimal activity protects the cytoplasm against
damage should leakage occur. The lysosoma membrane is thought to contain a transporter protein
that utilizes the energy of ATP hydrolysis to pump protons into the lumen of lysosomes.* However,
it is not clear whether this proton translocator works in vivo since ATP generated elsewhere is not
likely to serve as a reliable energy source. In contrast, UQ in analogy to its function in the
mitochondrial inner membrane, can be considered as areliable proton shuttle that can interact with
adequate reductants and oxidants. Following this hypothetical concept we systematically studied
the existence of lysosomal redox-couples that could interact with ubiquinones, and the pathway of
protons associated with redox-cycling of this freely movable membrane component.

0-8493-8732-9/00/$0.00+$.50
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6.2 RESULTS

The diversity of shapes and sizes of lysosomes contrasts with the rather uniform ultrastructure of
all other cellular organelles. This heterogeneity requires special techniquesto prevent contamination
with other organelles or fragments of organelles. This problem is often overcome by preloading
lysosomes with Triton WR-1339 or dextran to increase their sedimentation constant and to adjust
the different sizes. However, loading of lysosomes with these foreign compounds was reported to
stimulate autophagy. We, therefore, isolated native lysosomes from liver homogenates of rats by
isopycnic centrifugation through a self-generating iodixanol gradient (ultracentrifugation of alight
mitochondrial fraction in a gradient of 17.5% iodixanol for 3 h 40 min at 230,000 X g).5 Identifi-
cation of the lysosomal fraction was made safe by the determination of the presence of acid
phosphatase, which is a characteristic marker enzyme of lysosomes.® The possible contamination
with microsoma and mitochondrial fragments was assessed from the typical marker enzymes of
these organelles (CN~ insensitive NADH-cytochrome c reductase for microsomes, succinate dehy-
drogenase for mitochondria).”® By these criteria we selected lysosomal fractions for our studies
that contained neglectable amounts of fragmented mitochondria and microsomes.

Ubiquinone contents in lysosomes were determined by means of HPLC in combination with UV
detection at 275 nm following extraction from lysosoma membranes with hexane.? Ubiquinone and
ubiquinol standards were used for the assessment of the reduction pattern. The analysis revedled that
70% of the total UQ was in fully reduced form. The presence of totally reduced UQ in addition to
lower amounts of oxidized UQ suggested the existence of redox-couples in lysosomes supplying
reducing equivalents to UQ. Addition of NADH to lysosomal suspensions resulted in the
appearance of ubisemiquinone radicals (Figure 6.1B) and in further increase of divalently
reduced UQ (Figure 6.1A). The flow of reducing equivalents from the external NADH to UQ,
therefore, occurs in accordance with the chemistry of UQ by two consecutive one-electron
reduction steps. Shuttles that can act between NADH providing a pair of electrons and UQ,
which accepts single electrons only are iron-coordinating proteins such as FeS proteins or heme
iron. Accordingly, ab-type cytochrome was identified that was found to undergo reduction when
NADH was added (Figure 6.2). Soret bands obtained from redox-difference spectra revealed
the identity of this one-electron carrier (Figure 6.2). NADH was oxidized immediately after
being in contact with lysosomes. This suggests the existence of an adequate catalyst. FAD and
FMN are prosthetic groups of dehydrogenases also expected to be involved in lysosomal
oxidation of NADH. HPLC analysis revealed the existence of both cofactors. Based on the
fivefold higher presence of FAD, however, the latter seems to be more important than FMN.
This was further supported by the kinetic similarities of NADH-induced FAD and cytochrome b
reduction (Figure 6.3). The concerted response to lysosomal NADH oxidation suggests the
involvement of FAD in cytochrome b reduction. Steady state levels of reduced cytochrome b
were found to depend on the availability of UQ in lysosomes. Removal of UQ from lysosomal
membranes had a stabilizing effect on the reduction state of cytochrome b while reincorporation
accelerated reoxidation (Figure 6.4). In agreement with the redox-chemistry, which demands a
particular order of redox-couples, the oxidant effect of ubigquinone on cytochrome b reveals that
single electrons for ubiquinone reduction are provided by cytochrome b. Disappearance of NADH
in contact with lysosomes was accompanied by the consumption of oxygen (Figure 6.5). The
chemistry of oxygen reduction suggested the formation of superoxide radicals as the first reduc-
tion product. The expected reaction product was analyzed by means of ESR spectroscopy in the
presence of DMPO for spin trapping. However, the spin adduct observed revealed the presence
of trivalently vs. univalently reduced dioxygen (Figure 6.6). The quartet ESR signal was clearly
derived from spin trapping of free HO" radicals and not from the molecular derangement of an
original DMPO/*OOH adduct. This was concluded from the insensitivity of the ESR signal to
SOD. The lack of any effect of SOD together with the absence of O, * spin adducts does,
however, not exclude the possibility that O, * radicals were formed. Superoxide radicals may
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FIGURE 6.1 Shift of the redox-state of lysosomal ubiquinone induced by NADH in the presence of rotenone
to exclude the involvement of mitochondrial ubiquinones. (A) In NADH-respiring lysosomes the oxidation
state of ubiquinone is shifted in favor of ubiquinol (UQH,) under anaerobic conditions. Control experiments
were without NADH. Conditions: 50 ul lysosomal suspension were mixed with appropriate substrates and
inhibitors giving a final volume of 250 wl. This mixture was kept under argon for 30 min at 37°C. After
extraction with an organic solvent, UQ and UQH, contents were determined from RP-HPL C with UV-detection
at 275 nm (n = 3; error bars correspond to s.d.). (B) ESR signa induced in lysosomal fractions following
addition of NADH. The signal exhibits spectral properties similar to ubisemiquinones in mitochondria. In
control experiments without NADH the signal was not observed. Conditions: 100 ul lysosomal suspension
was mixed with substrates and inhibitors giving a final volume of 200 ul. After 5 min of incubation, the
sample was placed into liquid nitrogen. The ESR measurements were performed at 200 K. Spectrometer
settings: microwave frequency 9.47 GHz, center field 3380 G, sweep 100 G, modulation amplitude 4 G,
receiver gain 1 E6, scan rate 35 G/min, time constant 0.163 s, scans 3.

readily undergo accel erated spontaneous dismutation when generated in a condensed form close
to the catalyst, which promotes homolytic cleavage of the O, * dismutation product H,O,. The
existence of redox-cycling UQ in lysosomal membranes raises the question as to whether
protonation/deprotonation steps following the uptake and release of electrons is side-directed.
Considering the more acidic pH in the lumen of the active lysosomes, we followed this question
by using the uncharged spin probe Tempamine, which readily diffuses across the lysosomal
membrane being arrested once inside the lumen, by the addition of a proton.

The more protons are accumulated in electron transferring lysosomes, the more the paramag-
netic spin probe will be arrested inside, thereby increasing the characteristic ESR signal with respect
to the controls (Figure 6.7). Contribution of spin probes outside the lumen of lysosomes to the
overal signa intensity was prevented by extinguishing this fraction after the addition of ferricya-
nide. This highly sensitive method revealed that proton translocation occurred when NADH was
present to run the lysosomal redox-chain. For an evaluation of the significance of this NADH-related
proton transporter we also measured ATP-dependent proton accumulation. Both systems were
equally active. Proton translocation initiated by the addition of NADH was, however, dependent
on the availability of oxygen (Figure 6.7). This observation reveals that oxygen most probably
accepts electrons at the oxidant site of ubiquinone, thereby keeping linear electron transfer asso-
ciated with unilateral proton transfer running.
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FIGURE 6.2 Redox-difference spectrum of the lysosomal fraction obtained after the addition of NADH.
The spectrum exhibits strong absorbtion peaks at 559 nm (a-band), 427 nm (y-band), and a weak absorption
between 520 and 530 nm (3-band) suggesting the presence of b-type cytochromes different from cytochromes
in mitochondria and microsomes. Conditions: 1 mg protein of the lysosomal fraction was dissolved in 1ml
preparation buffer and spectra were recorded prior to and after the addition of NADH (0.1 mM final concen-
tration). The redox-difference spectrum was calculated by substraction of both spectra.
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FIGURE 6.3 Concerted reduction of FAD and b-type cytochromes in lysosomes upon the addition of NADH. The
reduction state of b-type cytochromes and FAD was obtained from absorption differences at 427 nm—409 nm and
465 nm-510 nm, respectively. NADH induced the simultaneous reduction of both electron carriers. After the
total consumption of NADH reoxidation of both electron carriers was observed. Conditions: The kinetics of
cytochrome b and FAD reduction/oxidation was followed in a dual wavelength spectrophotometer using 0.8
mg of lysosomal protein equilibrated with 5 nmol NADH in the air-saturated preparation buffer.
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FIGURE 6.4 The rate of cytochrome b reoxidation depends on the availability of oxidized ubiquinones in
lysosomes. Lyophilized lysosomes were extracted with heptane in order to remove UQ from the organelles.
These lysosomes were reconstituted with different amounts of UQ; (dashed line) no UQ; (solid line) native
amount of UQ; (dotted line) excess of UQ,,. After rehydratization, equimolar amounts of NADH were applied
and cytochrome b reduction/oxidation kinetics were followed photometrically. NADH-induced cytochrome b
reduction was a function of the amount of UQ present in the lysosomal membrane. Conditions: Lyophilized
lysosomes were treated with heptane in order to extract ubiquinone.* Each 20 mg lysophilisate was reconstituted
(A) with hexane only, (B) 3 nmol UQ in hexane, and (C) 100 nmol UQ,, in hexane. After removal of organic
solvents, the dry lyophilisate was resuspended in water yielding an organelle suspension with a protein concen-
tration of about 25 mg/ml. The reduction/oxidation kinetics were measured as described in Figure 6.3.

6.3 DISCUSSION

Lysosomes are organelles specialized for subcellular digestion. They contain a wide variety of
different acid hydrolases that all require an acid pH milieu for optimal activity. Molecules that
penetrate into the lumen must be uncharged to overcome the lipid barrier. Once present in the
lumen, they become charged by picking up a proton in the acidic environment.® Therefore, these
mol ecules enter the lysosomes more rapidly, then they |eave and become highly concentrated inside.
It is clear that this concerted action between substrate accumulation and optimal enzyme activity
requires a permanent supply of protons from the extramembraneous space. Our finding that over
70% of UQ was in the divalently reduced state was taken as a strong indication of the redox-
function of lysosoma UQ. Redox-cycling of UQ is accompanied by the stepwise addition and
release of protons. The intermediates involved differ in their polarities, which allows them to move
from the more lipophilic phase of the membrane to the polar head group region or vice versa. In
mitochondria these peculiarities of redox-cycling ubiquinones contribute to unilateral proton trans-
location exclusively driven by the flux of electrons.

In lysosomal membranes, the flux of reducing equivalents to and from ubiquinone exists as well.
Reducing equivalents are provided from cytosolic NADH, a substrate that is present in abundance.
We have demonstrated that oxygen is required as the terminal e ectron acceptor to run this coupled
redox-chain. In the absence of oxygen, proton accumulation was clearly reduced strongly suggesting
that redox-cycling ubiquinones were involved in proton translocation. From UQ extraction/reincor-
poration experiments, cytochrome b can be excluded as the reductant of oxygen whereas in contrast,
ubiquinones are required as oxidants for cytochrome b. The latter accepts the reducing equivalents
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FIGURE 6.5 Neither mitochondrial nor microsomal inhibitors of electron transfer reactions prevented the
NADH-dependent oxygen consumption of the lysosomal fraction, suggesting redox-processes are native
functions of lysosomal membranes. (A) Oxygen consumption of lysosomal fractions followed with a Clark-
type electrode was started by the addition of NADH. The presence of rotenone (prevention of mitochondrial
NADH oxidation) and metyrapone (prevention of microsoma NADH oxidation) decreased oxygen consump-
tion by 50%. (B) NADH consumption was measured photometrically at 340 nm—400 nm. Inhibition of NADH-
consumption in the presence of the above inhibitors reflected the decrease of oxygen uptake. A further increase
of inhibitor concentrations did not reduce the residual rates of NADH and oxygen consumption. Conditions:
(A) 4 mg protein was placed in the reaction vessel (560 ul) of aClark-type electrode and the oxygen consumption
was recorded after addition of NADH (3.6 mM final concentration). The inhibitors rotenone (10 ug/ml) and
metyrapone (2 mM) were present in order to eliminate the contribution of mitochondria and microsomes,
respectively. (B) 0.8 mg lysosomal protein in 1ml buffer was supplemented with NADH (50 wM final concen-
tration). The decay of the NADH absorption was followed photometrically at 340 nm minus 400 nM (€349 400 =
6290 mol*I~**cm~1).15 Inhibitors were applied as described above.

from FAD, which indicates the presence of a lysosoma NADH dehydrogenase. Evidence for the
existence of this initial redox-couple of the lysosoma electron transfer chain comes from kinetic
similarities of FAD and cytochrome b reduction. We have repeatedly shown that redox-cycling UQ~
may undergo autoxidation.®!! The detection of DMPO/"OH spin adducts suggests that UQ, which
accepts two single electrons from cytochrome b, undergoes autoxidation in the semireduced state.
Superoxide radicals emerging from autoxidation drive the reaction by subsequent dismutation. The
lack of direct O, detection suggests the existence of this autoxidation product close to the acid pH
milieu of the lumen, which accel erates spontaneous dismutation. H,O, formed can aso drive electron
flux through the lysosomal redox-chain by using the odd electron of ubisemiquinone for reductive
homolytic cleavage.* The resulting HO" radical was captured by spin trapping with DMPO. We
have recently shown that ubisemiquinones undergoing autoxidation must release their protons.’* The
pK of the UQH" radical favors deprotonation in the alkaline pH, which meansthat in the physiological
pH range, anionic ubisemiquinonestransfer their electrons to oxygen while the proton istrand ocated
into the lumen. Uncharged ubisemiquinones are ready to accept a second electron giving rise to
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FIGURE 6.6 NADH respiration of lysosomes results in the trivalent reduction of oxygen giving rise to the
formation of HO" radical's, which were detected by ESR spin trapping with DMPO. The ESR spectrum exhibits
the typical ESR splitting characteristics of a DMPO/*OH addcut. In the absence of NADH, no ESR signal
was detected. Rotenone was present in the experiment in order to exclude radical formation from possibly
contaminating mitochondria. Conditions: 5 mg of lysosomal protein was supplemented with DMPO (118 mM
final concentration), NADH (4 mM final concentration), DTPA (2 mM final concentration) in presence of
rotenone (20 pg/ml final concentration) giving afinal volume of 500 ul. The latter was transferred into a ESR
quartz flat cell and the ESR measurements were performed 2 min after starting the reaction. Spectrometer
settings: microwave frequency 9.81 GHz, center field 3495 G, sweep 80 G, modulation amplitude 1 G, receiver
gain 1 X 106, scan rate 114 G/min, time constant 40.96 ms, scans 1, temperature 298 K. Spin adducts were
identified according to Buettner.1
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FIGURE 6.7 Intralysosoma accumulation of the spin probe Tempamine following protonation driven by
NADH respiration. Tempamine was used as a paramagnetic spin probe to detect a proton accumulation in
lysosomes after being arrested by protonation. The ESR signal of the spin label remaining in the exterior was
guenched by ferricyanide. Under aerobic conditions, NADH as well as ATP/Mg caused an accumulation of
Tempamine in lysosomes in comparison to the control. However, under anaerobic conditions, this effect of
NADH was not observed. Conditions: 25 ul of a lysosomal suspension were mixed with 5 ul Tempamine
stock solution and 5 ul preparation buffer or NADH stock solution. After incubation, 5 ul K,[Fe(CN)4] stock
solution was added giving the following final concentrations of: 27.5 mg/l protein, 1 mM Tempamine, 200
mM K;[Fe(CN),], and 1.25 mM NADH, if required. The total volume of 40 ul was measured in gas-permeable
TFE-tubes using an ESR spectrometer with adielectric resonator. M easurements were performed in air oxygen
or nitrogen atmosphere. Spectrometer settings: microwave frequency 9.71 GHz, center field 3453 G, sweep
60 G, modulation amplitude 1 G, receiver gain 5 X 10%, scan rate 21 G/min, time constant 0.163 s, scans 1.
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the existence of UQH,. It can be speculated that steady state formation of ubiquinol from the
uncharged fraction of UQH" species protects the lysosomal membrane from oxidative stress estab-
lished from the compulsory existence of HO" radicals. Although the inevitable production of
trivalently reduced dioxygen was shown to keep UQ-related proton translocation running, further
studies are required to understand the role of these strong prooxidants. We have also shown that
ATP-dependent proton accumulation exists in addition to proton translocation through redox-
cycling UQ. The significance of this proton pump is a function of the availability of ATP from
mitochondria.# In contrast, the relatively high fraction of reduced UQ in lysosomes, even after the
complex isolation procedure, indicates that UQ-related proton transocation is not substrate limited.
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7.1 INTRODUCTION

The activity of radical-scavenging antioxidants is determined by several factors including (1)
reactivity and stoichiometry toward radicals, that is, how rapidly and how many radicals can be
scavenged by the antioxidant, (2) concentration of the antioxidant, (3) fate of antioxidant-derived
radical formed when the antioxidant scavengestheradical, (4) location of the antioxidant, (5) maobility
of the antioxidant in the microenvironment, and (6) interaction with other antioxidants. The activities
of various compounds as antioxidants have been measured both in vitro and in vivo. In vitro activities
have been extensively assessed by different methods in various media. It must be well appreciated
that the total antioxidant activities are determined, not simply by the reactivities toward radicals,
but also by many other factors as described above. In other words, it must be clearly understood
which factor is being measured in the in vitro experimental system employed, and that it does not
always give the antioxidant’s total activity in vitro or in vivo. It is not difficult to measure the
reactivity, toward radicals under specific in vitro conditions, but it is difficult to assess the antiox-
idants efficacy in vitro.

It has been well documented since the early report of Mellors and Tappel? that ubiquinol
(UQH,), a reduced form of coenzyme Q, acts as an antioxidant against lipid peroxidation [2
and references cited therein]. One of the characteristics in the action of ubiquinol as an
antioxidant is that it undergoes autoxidation rapidly, which results in a rapid consumption of
ubiquinol, formation of hydroperoxyl radical and/or superoxide, and impaired antioxidant
efficacy. The ubisemiquinone radical (UQH®) may undergo several reactions such as a reaction
with oxygen to give ubiquinone (UQ) and hydroperoxyl radical, reduction of a-tocopheroxyl
radical to regenerate a-tocopherol (vitamin E), and disproportionation with another ubisemi-
guinone radical to give ubiquinol and ubiquinone. It has aso been reported that the ubisemiquinone
radical is capable of decomposing hydrogen peroxide and hydroperoxide to give hydroxyl
and alkoxyl radicals, respectively.® Some of them are effective for antioxidation, but others are
not. The total antioxidant efficacy of ubiquinol is dependent on the relative importance of these
reactions.
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7.2 REACTIVITY TOWARD RADICAL AND ANTIOXIDANT
ACTIVITY OF UBIQUINOL

The reactivity toward radicals, as determined by chemical structure, is apparently the important
factor in determining the antioxidant activity of the compound. The reactivity of ubiquinol toward
radicals has been measured by several groups. Mellors and Tappel! observed that ubiquinol-6
was asreactive as a-tocopherol toward diphenyl-p-picrylhydrazyl, while Naumov and K hrapovat
reported that the rate constant for the reaction of ubiquinol with peroxyl radical was smaller
than that of a-tocopherol. Mukai and colleagues® have measured the rate constant for the reaction
of ubiquinol-10 and 2,6-di-tert-butyl-4-(4-methoxyphenyl)phenoxyl radical. Tsuchiya et al.t
have measured the relative reactivities of ubiquinol-10 and a-tocopherol toward peroxy! radical
in the phosphatidylcholine liposoma membranes and found that a-tocopherol was more reac-
tive that ubiquinol-10 by a factor of 4.8. A higher reactivity of a-tocopherol than ubiquinol
toward phenoxyl” and peroxyl® radicals has been also reported by Foti et a. and Barclary et a.,
respectively.

We have recently measured the reactivities of ubiquinol toward galvinoxyl and peroxyl radicals
and compared them with those of a-tocopheryl hydrogquinone (TQH,) and a-tocopherol (TOH).24748
It was found that ubiquinol was 2.5 and 1.9 times more reactive than a-tocopherol toward phenoxyl
and peroxyl radicals, respectively, at 25°C in ethanol, and that it was capable of donating two
hydrogen atoms to oxygen radicals.? Ubiquinone did not exert appreciable reactivity toward either
phenoxyl and peroxy! radicals.

It has been observed that the apparent antioxidant activity of ubiquinol is smaller than that of
a-tocopherol againgt lipid peroxidation in organic solution as judged from either the rate of oxidation
or the duration of the inhibition period (or lag phase). The example of the inhibition of oxidation
isshown in Figure 7.1 and the relevant data are summarized in Table 7.1 with those for a-tocopherol
and a-tocopheryl hydroguinone. These data clearly show that the antioxidant efficacy is determined
not only by the reactivity toward the radical, but also by the fate of antioxidant-derived radical.
Chemicaly, a-tocopherol hydroguinone has the highest reactivity toward radicals, but the apparent
antioxidant efficacy is the lowest among the three antioxidants: the order in the reactivity toward
radicals, inhibition period, and the rate of inhibited oxidation is TQH, > UQH, > TOH, TQH, <
UQH, < TOH, and TQH, > UQH, > TOH, respectively. Thus, the relative reactivity toward
radical and antioxidant activity are exactly reversed.
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FIGURE 7.1 (A) Effect of ubiquinol (M), a-tocopherol (@), and a-tocopheryl hydroquinone (A) on the
formation of N,N’-diphenyl-p-benzoquinone diimine (DPBQ, Amax = 440 nm) from N,N’-diphenyl-p-
phenylenediamine (DPPD). DPPD was incubated in acetonitrile at 37°C with aradical initiatior 2,2 -azobis
(2,4-dimethylvaleronitrile) (AMVN) in the absence (O) and presence of antioxidant. (B) Inhibition of
oxidation of metyl linoleate by antioxidant. Methyl linoleate (25 mM) was oxidized with AMVN (0.8 mM)
in the absence (O) and presence of antioxidant (5 uM) at 37°C in acetonitrile and the accumulation of methyl
linoleate hydroperoxide was followed. O: without antioxidant; l: ubiquinol; @: «a-tocopherol; A: a-toco-
pheryl hydroquinone.
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TABLE 7.1
Activities of Ubiquinol-10 (UQH,), a-Tocopherol (TOH), and a-Tocopheryl
Hydroquinone (TQH,) as Antioxidant?>%’

UQH, TOH TQH,
Rate constant for reaction with galvinoxyl, 6 xX10° 24 X 108 1.0 X 10*
at 25°C in ethanol (M~1s7%)
Stoichiometry for reaction with galvinoxyl 20 1.0 19
Relative reactivities toward peroxyl radical (1.9) (1.0) (6.0)
Inhibition of oxidation of methyl linoleate?
Inhibition period (min) 65 78 13
Stoichiometric number 15 18 0.30
Rate of oxidation (nM/s) 4.3 13 7.6

a Methyl linoleate was oxidized at 37°C in acetonitrile under air in the presence of 5 wM antioxidant and
0.50 mM radical initiator, 2,2'-azobis(2,4-dimethylvaleronitrile).

Such a discrepancy in reactivity and activity must arise from the autoxidation of hydroquinone
(QH,) mediated by oxygen and hydroperoxyl radical.

X"+ QH, -~ XH + QH’ (7.1
QH + 0, - Q+HO, O (7.2)

. .0 n-cycle
HO," + QH, - H,0, + QH' O (7.3)
QH + X" - Q+ XH (7.4

The overall reactionis (7.1 + 7.2 + 7.3 + 7.4)
2X'+n0O, + (n+ 1)QH, - 2XH + (n + 1)Q + nH,0, (7.5)

and the apparent stoichiometric number is 2/(n + 1), that is, it is 2 and 0.5 when nis 0 and 3,
respectively.

It has been proposed in the oxidation of LDL that the hydroperoxyl radical formed in reaction
7.2 is exported into the aqueous phase-out of LDL particles.® This is attractive, since under such
conditions neither autoxidation of ubiquinol nor prooxidant action by the hydroperoxyl radical
should take place. However, it has not been proved experimentally. Superoxide has been detected
in the agueous phase by use of a chemiluminescence probe, 2-methyl-6-phenyl-3,7-dihydroimi-
dazo[1.2-a]pyrazin-3-one (CLA), during the oxidation of a-tocopheryl hydroquinone in micelles,
but not for ubiquinol .*” Apparently, the efficacy of exporting hydroperoxyl radical into the agueous
phase depends on the concentrations of substrates and antioxidants. The pKa of hydroperoxyl
radical is 4.8, but it should be present predominantly as hydroperoxyl radical within LDL particles
and as superoxide in the aqueous phase.

The antioxidant action of ubiquinol (UQH,) in the membranesand lipoprotein may be expressed
as shown in Figure 7.2. Ubiquinol scavenges the chain-carrying lipid peroxyl radicd to give lipid hydro-
peroxide and ubisemiquinone radical (UQH") (reaction 6), which can undergo severa reactions. It
may scavenge another peroxyl radical to give hydroperoxide and ubiquinone (UQ) (reaction 7). Inthis
case, the stoichiometric number is2. 1t may react with oxygen to give ubiquinone and hydroperoxyl
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FIGURE 7.2 Proposed schemefor the action of ubiquinol (UQH,) in the membranes and lipoproteins (see text).

radical (reaction 8), which is exported into the aqueous phase as superoxide (reaction 9). The apparent
stoichiometric number is 1. |If, on the other hand, the hydroperoxyl radical attacks ubiquinol and
induces its autoxidation by a sequence of reactions 10 and 11, then the apparent stoichiometric
number becomes less than 1 and the induction period becomes shorter. When the hydroperoxyl
radical attacks lipids or proteins to induce their oxidation (reaction 12), ubiquinol serves merely
as a chain transfer and does not exert any antioxidant effect. The hydroperoxyl radical may be
scavenged by other antioxidants such as vitamin E (reaction 13). Ubisemiquinone may also react
with hydrogen peroxide or hydroperoxide, as proposed by Nohl and his colleagues,® to give hydroxyl
or alkoxyl radicals, which attack substrates (not shown in Figure 7.2). Thus, the total antioxidant
potency depends very much on the fate of the semiubiquinone radical.

7.3 ANTIOXIDANT ACTION IN THE MEMBRANES

There are other factors that have to be taken into consideration with respect to the antioxidant
action in the membranes and lipoproteins in heterogeneous agqueous dispersions. Coenzyme Q is
not only present in the inner mitochondrial membrane, but in lipoproteins, plasma membranes, and
al intracellular membranes and it is present largely in the reduced state.’®

The antioxidant potency of alipophilic antioxidant against lipid peroxidation in the membranes
and lipoproteins is dependent not only on the chemical factors mentioned above, but also on
physical factors such as local concentration and mobility within and between the membranes and
lipoproteins. It has been shown, for example, that the efficacy of scavenging radicalsin the membrane
by a-tocopherol decreases as the radical goes deeper into the interior of the membranest:? and
the apparent antioxidant activity decreases accordingly.'3!4 a-Tocopherol is incorporated into the
membranes in such a way that the active phenolic hydrogen is located near the surface of the
membrane, which makesit capable of scavenging radicals attacking from the aqueous phase easily,
but makesit less efficient in scavenging radicalswithin the membrane. Thus, for example, although
a-tocopherol is more reactive than B-carotene, B-carotene scavenges the radicals generated in the
dimyristoyl phosphatidylcholine liposoma membranes faster than a-tocopherol.'> The partition
and mobility of coenzyme Q in the membranes have been reviewed recently by Kagan, Nohl, and
Quinn.1®
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FIGURE 7.3 Analogues of a-tocopherol, ascorbic acid, and ubiquinol with side chain of different length.

Theimportance of such physical effects of membranes on antioxidant activity iswell understood
through the action of homologueswith different side chains. The effect of side chains on antioxidant
activities has been studied for the analogues of vitamin E,>1417-2 vitamin C,? and coenzyme Q%2
(Figure 7.3). In general, it has been observed that the side chain has little effect on reactivity and
antioxidant activity in the homogeneous solution, whereas antioxidant efficacy decreases against
lipid peroxidation in the membranes with an increasing number and length of side chains. Kagan
et al.>* measured the efficiency of ubiquinols of varying isoprenoid side chain length in preventing
lipid peroxidation induced by iron in microsomes, mitochondria, and synaptosomes and found that
the ubiquinols with short isoprenoid chains are much more potent inhibitors of membrane lipid
peroxidation than the longer chain homologues. This may be due to a decreased mobility of
ubiquinols in the membrane with increasing side chain length. Interestingly, they also found that
ubiquinol-0 without a side chain exerted little antioxidant capacity, suggesting the importance of
incorporation of the antioxidant into the membrane. Similarly, it is well known that vitamin C in
the aqueous phase, although a potent radical-scavenging antioxidant, is not capable of inhibiting
lipid peroxidation within membranes.

The side chain affects intermembrane as well as intramembrane mobility. The effect of
ubiquinol-1 and ubiquinol-10 on the inhibition of lipid peroxidation in liposomal membranes has
been studied.”® The initiating radicals were generated within the membranes and ubiquinol was
incorporated either in the same membranes or in different membranes. As shown in Figure 7.4,
ubiquinol-10 suppressed the lipid peroxidation in the membranes in which it was incorporated, but it
exerted only poor antioxidant activity against lipid peroxidation taking place in different membranes.
On the other hand, ubiquinol-1 inhibited lipid peroxidation efficiently even if it was incorporated
into different membranes.

These results suggest that the side chain of ubiquinol, although it is required for incorporation
and retention in the membranes, reduces both inter- and intramembrane mobility. Similar effects
have been observed for vitamin E against li pid peroxidation in the membranes!” and oxidativehomolysis
of erythrocytes.’®
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FIGURE 7.4 Effects of location of ubiquinol on the inhibition of oxidation of soybean PC liposomal mem-
branes. Soybean PC (5.1 mM) multilamellar liposomal membranes containing AMVN (1.0 mM) were incu-
bated at 37°C in air in the absence and presence of antioxidant (10 wM) located in different places and the
formation of PC hydroperoxides was followed with an HPLC. Dimyristoyl PC (5.9 mM) multilamellar
liposomes were also incubated together. A: without antioxidant; B: with ubiquinol-10 incorporated into
soybean PC liposomes; C: with ubiquinol-10 incorporated into dimyristoyl PC liposomes; D: with ubiquinol-1
incorporated into dimyristoyl PC liposomes.

7.4 INTERACTION WITH OTHER ANTIOXIDANTS

The radical-scavenging antioxidants function not only individually but also cooperatively and
sometimes synergistically with other antioxidants. The most well-documented interaction is the
one between vitamin C and vitamin E.?> Vitamin C present in the aqueous phase, efficiently reduces
the vitamin E radical located within the membranes and lipoproteins to regenerate vitamin E and
to inhibit, if any, the chain initiation induced by the vitamin E radical.

It has been found that ubiquinol reduces the vitamin E radical,>% which is reasonable since
one-electron redox potentia for ubiquinol and a-tocopherol is E;, (UQH,/UQH") = 0.11% ~ 0.24 V,*
and E;, (TOH/TO") = 0.48 V, respectively.3® A substantial deuterium kinetic-isotope effect
has been observed in the hydrogen atom transfer reaction between ubiquinol-10 and 5,7-diisopro-
pyltocopheroxyl radical in ethanol.®? We have recently obtained the rate constant for the reduction
of a-tocopheroxyl radical by ubiquinol-10 at 37°C in ethanol as 2.5 X 10* M~ 's™*. 3 Superoxide-
driven reduction of the a-tocopheroxyl radical in the presence of ubiquinone-10 has also been
reported.®

It has been observed that ubiquinol spares a-tocopherol during lipid peroxidation in solution
and liposoma membranes?®®* and low density lipoprotein.®-3 The regeneration of a-tocopherol
from a-tocopheroxyl radical by ubiquinol in mitochondrial membranes has also been reported.394°
a-Tocopheroxyl radical can be reduced by ubiquinol, ascorbate, a-tocopheryl hydroquinone, and
dihydrolipoic acid.“* The relative importance of these reducing compounds in the regeneration of
a-tocopherol depends on their concentrations and the active radicals. As shown in Figure 7.5, when
phosphatidylcholine is oxidized in liposoma membranesin the presence of ubiquinol-10, a-tocopheral,
and ascorbate, the antioxidant was consumed in the order of ascorbate—ubiquinol-10—«-tocopherol when
oxidized with awater-soluble radical initiator, while the order was ubiquinol-10-ascorbate _a-tocopherol
with alipid-soluble radical initiator. In both cases, a-tocopherol was spared efficiently. As described
above, intermembrane mobility of ubiquinol-10 is restricted and the sparing of a-tocopherol by
ubiquinol-10 located in different membranes is not efficient (Figure 7.6).
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FIGURE 7.5 Consumption of antioxidant (IH) during the oxidation of soybean PC (2.80 mM) liposomes
induced by (A) water soluble radical initiator AAPH (1.0 mM), and (B) lipophilic radical initiator AMVN
(0.5 mM) at 37°C in air. a-tocopherol (A, 2.5 uM) and ubiquinol (O, 3.0 uM) were incorporated into
liposomal membranes, while ascorbic acid (O, 10 uM) was added in the agueous phase. The consumption
of antioxidant and formation (@) of phosphatidylcholine hydroperoxides were followed by HPLC.
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FIGURE 7.6 Effect of location of ubiquinol on the sparing of a-tocopherol. Soybean PC (5.1 mM) multil-
amellar liposoma membranes containing a-tocopherol (3.0 uM) and AMVN (1.0 mM) were incubated at
37°C in air in the absence and presence of ubiquinol (3.0 uM) and the consumption of a-tocopherol was
followed with HPLC. Dimyristoyl PC (5.9 mM) multilamellar vesicles were also incubated together. A:
without ubiquinol; B: with ubiquinol-10 incorporated into soybean PC liposomes together with a-tocopherol;
C: with ubiquinol-10 incorporated into dimyristoyl PC liposomes; D: with ubiquinol-1 incorporated into
dimyristoyl PC liposomes.

7.5 CONCLUSION

There is now ample data showing that coenzyme Q acts as an antioxidant as well as a mobile redox
proton carrier in the energy-transducing membranes of mitochondria. A reduced form of coenzyme Q,
ubiquinal, is a potent radical scavenger, whereas an oxidized form, ubiquinone, is not. Interestingly,
high levels of reduction, 70~100%, have been observed in human tissues, with the exception of brain
and lung.’® It may be possible, and in fact has been observed (see chapters 16 and 17 of this volume by
Yamamoto and Kontush), that the degree of reduction isdecreased under oxidative stress and pathol ogical
conditions, but the redox state should be determined not only by the extent of oxidation, but also by
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that of reduction. The enzymatic mechanism for reduction in the mitochondrial inner membrane is
well established, but it is not known how or if ubiquinone is reduced in other membranes and
lipoproteins. It has been reported that DT-diaphorase maintains the reduced form in the presence
of NADH#* and a novel NADPH-dependent ubiquinone reductase has been found in cytosol.
Human blood cells and hepatoma Hep G2 cells have been found to have the capacity to reduce
ubiquinone-1, but the rate of reduction of ubiquinone-10 incorporated into LDL was slow.* It has
also been observed that a-tocopheryl hydroguinone?#> and dihydrolipoic acid* reduce ubiquinone
to ubiquinol.

In spite of numerous studies, the physiological role and significance of ubiquinol as an anti-
oxidant in vivo is not yet clear. This is a subject of future study.
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8.1 INTRODUCTION

Intracellular reductants participate in regulation of oxidative stress through their direct interactions
with chain-initiating and/or chain-propagating free radicals and via reduction (enzymatic or non-
enzymatic) of molecular products formed from reactive oxygen species or peroxyl radicals, i.e.,
hydroperoxides. The major protective antioxidant reaction is:

AH + ROOe - As + ROOH' (8.1)

in which reductants (AH) act as donors of hydrogen for peroxyl radicals (scavengers) to form
relatively stable molecular products (hydroperoxides) from reactive chain-propagating radical spe-
cies at the expense of antioxidant radical (Ae) production. An effective biological antioxidant is
the one that: (i) effectively scavenges peroxyl radicals, and (ii) whose radicals are not reactive
enough to attack important biomolecules. In biomembranes, vitamin E is a good example of an
effective antioxidant whose topography in membrane provides not only for effective reaction with
polar peroxyl radicals, but is also optimized for important interactions with other reducing antiox-
idants (such as ascorbate) to completely prevent potential interactions of vitamin E radicals with
membrane constituents.! As has been demonstrated by Stocker et a.,? in the absence of this
important “quenching” of vitamin E radicals by reductants in plasma, tocopherols can promote
rather than inhibit lipid peroxidation in lipoproteins (see chapter 10 of this volume).

Coenzyme Q (CoQ) is another lipid-soluble compound ubiquitoudly present in essentially all types
of membranes. Since most of CoQ in tissues is reduced, it is capable of donating hydrogen to
reactive radicals, and suggests that it may function as a membrane antioxidant along with vitamin E.3
Morethan 30 yearsago, Mellors and Tappel suggested that thereis some kind of interaction between
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these two hydrophobic reductants that may reflect on their antioxidant functions.*® The nature of
the interactions between coenzyme Q and vitamin E and their role in antioxidant protection of cell
membranes against oxidative stress is the subject of this chapter.

8.2 ANTIOXIDANT FUNCTION OF VITAMIN E
AND ITS RECYCLING

The major physiological and biochemical function of vitamin E in membranes and lipoproteinsis
believed to be the scavenging of reactive oxygen species and free radicals to provide for antioxidant
protection.t While ubiquitous in different types of biomembranes, vitamin E is, however, a minor
component among their lipid constituents. Moreover, antioxidant reactions of vitamin E result in its
oxidative degradation, i.e., depletion of vitamin E reservesin the lipid bilayer of membranes. Therefore,
relatively low concentrations of vitamin E in membranes cannot fully explain its high effectiveness
in antioxidant protection, unless recycling of vitamin E from its free radical intermediates and/or
oxidation products occurs.

Recently, antioxidant recycling has been identified as a potentially important mechanism of
antioxidant augmentation.” In particular, recycling of vitamin E from its phenoxyl radical by vitamin
C (ascorbate) was demonstrated both in different model systems and in vivo. While in extracel lular
environments ascorbate-driven recycling of vitamin E may play avery important role, relatively low
concentrations of ascorbate in cells suggest that additional pathways may be involved in the process.
In particular, the role of thiols [e.g., glutathione (GSH)] in antioxidant recycling has been suggested
and subsequently questioned due to low reactivity of thiols toward vitamin E phenoxyl radicals®

A plethora of studies have demonstrated that vitamin E and coenzyme Q are the two major
lipid-soluble antioxidants of membranes and lipoproteins. In virtually every location that vitamin
E is found, coenzyme Q is aso found.® There is no doubt that these two compounds both exert
antioxidant effects. Their concentrations in membranes are comparable; the reactivities of reduced
coenzyme Q (ubiquinol) and vitamin E (tocopherol) toward peroxyl radicals are not significantly
different.201112 Therefore, either of them alone can provide significant antioxidant protection of the
membrane lipid bilayer. What are the reasons for having two similar antioxidants in membranes?

The results of our previous work and that conducted by others indicates that when reduced
coenzyme Q and vitamin E coexist, coenzyme Q will act asan antioxidant indirectly, by regenerating
vitamin E from the vitamin E radical, thus recycling vitamin E for another round of its participation
in scavenging reactive radicals, i.e., chain-breaking. Let us consider direct antioxidant reactions of
vitamin E and coenzyme Q in greater detail.

8.3 DIRECT ANTIOXIDANT FUNCTION OF COENZYME Q

For many years, studies of CoQ'’s function in mitochondrial respiration overshadowed persistent
reports of CoQ in other membrane fractions in which its function was not readily apparent. It isfound
in plasma membranes, in al intracellular membranes, and in lipoproteins.!31415 |ts concentration is
very highin Golgi membranes and in lysosoma membranes (higher, in fact, than in mitochondria),
where its function cannot be rationalized in terms of energy-transducing activity.®® It is also found
in lipoproteins, despite the fact that it is manufactured intracellularly and need not be transported
between cells.

There is a substantial amount of experimental data showing that coenzyme Q, in addition to
its role in electron transport, functions as an antioxidant in its reduced forms in various biological
membranes and in low density lipoproteins (LDL) (for reviews see [16, 17]). In 1962, Lea and
Kwietney reported that coenzyme Q functioned as an anti oxidant.*® While some experiments suggest
that both ubiquinones and ubiquinols might function as antioxidants,™® other studies have shown that
very high concentrations of ubiquinone are required to exhibit significant antioxidant activity,*52
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and it isthereduced form of the compound that is considered to be the major antioxidant. In pioneering
studies, Mdllors and Tappel showed that ubiquinol 6 was efficient in inhibiting lipid peroxidation
and that electron transport-driven reduction of ubiquinone to ubiquinol resulted in pronounced
inhibition of lipid peroxidation in mitochondria.#®> Numerous subsequent studies in lipo-
somes, %19.20.21.22232425 mjtochondria, microsomes, and submitochondrial particles?627.28.29,30,31,82,33,34,35
and cells* have established that ubiquinol is capable of inhibiting lipid peroxidation in biological
membranes, and that electron transport systemsin membranes®3” and cytosol,° can reduce ubiquinone
to ubiquinol. In biologicad membrane systems in which vitamin E has been removed by mild
nondenaturing extraction with pentane,3 ubiquinol was able to exert antioxidant effects against lipid
peroxidation. These results demonstrate that direct antioxidant action of ubiquinol in biological
systems is certainly possible.

8.4 COMPARISON OF DIRECT RADICAL SCAVENGING EFFECTS
OF VITAMIN E AND COENZYME Q

Thus, both vitamin E and reduced coenzyme Q act as direct chain-breaking antioxidants by donating
an H-atom to reduce peroxy- and/or alkoxy-radicals:

CoQH + ROO’ - CoQ’ + ROOH (8.2

where CoQH = ubiquinol, and CoQ" = ubisemiquinone radical.

However, the chemical reactivity of ubiquinols with peroxyl radicals in organic solvents is
dlightly lower (k = 3.4 X 10° M~1s7%) than the reactivity of tocopherols (k = 33.0 X 10° M~1s71)
([10, 11, 12], see dso chapter 3 in this volume). Since concentrations of free ubiquinols in
membranes are roughly equal to or lower than those of vitamin E®% and their concentration in
LDL isroughly 10-20% that of vitamin E, it is likely that vitamin E is more efficient as a chain-
breaking antioxidant. Indeed, effectiveness of direct peroxyl radical scavenging or antioxidant
activity of long-chain ubiquinols (e.g., CoQ,, and CoQ,) in membranes in vitro is lower than that
of vitamin E.3! This again raises the question as to whether direct radical scavenging isin fact an
important function for CoQ in antioxidant protection.

8.5 COENZYME Q FACILITATES VITAMIN E RECYCLING

Another possibility for the antioxidant function of coenzyme Q is its interplay with vitamin E
resulting in electron transport-driven recycling of vitamin E. The one-electron redox potential for
ubiquinol/ubisemiquinone[E; , (QH,/Q") = —0.24V] ismore negative than that for tocopherol/toco-
pherol phenoxyl radical [E;, (T-OH/T-O") = 0.48V]* suggesting that ubiquinol may reduce the
vitamin E phenoxyl radical (formed when vitamin E quenches a peroxyl radical), thus regenerating
vitamin E:

CoQH + T-O" - CoQ" + T-OH (8.3)

where T-O" = vitamin E phenoxyl radical and T-OH = vitamin E.

In organic solvents, the interaction of ubiquinols with vitamin E phenoxyl radicals is very
efficient; the rate constant for this reaction is about 10° M~1s71,'1 i.e., higher than the rate constant
for the reaction of ubiquinol with peroxyl radicals. Thus ubiquinols should preferentially reduce
tocopheroxyl radicals rather than peroxyl radicals.

Electron carriers in rat liver microsomes, mitochondria, and submitochondrial particles, as well
asin mitochondrial complexes integrated into liposomes, can regenerate tocopherol from its phenoxyl
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radical .313742 |n rat liver microsoma membranes, NADPH-dependent electron transport caused
transient disappearance of vitamin E phenoxyl radical ESR signals (produced by lipoxygenase/lino-
lenic acid or UV-light) due to reduction of the radical by electron transport.3* Most importantly,
this effect was dramatically enhanced when exogenous CoQ homologues were added to the incu-
bation system to facilitate reduction of the vitamin E phenoxy! radicals. Similarly, succinate-driven
reduction of vitamin E radicals in submitochondrial particles was achieved only in the presence of
Co0Q.3 Based on the effects of succinate on the levels of CoQ and vitamin E during autooxidation
of bovine and rat heart mitochondria, Lass and Sohal concluded that vitamin E acts as the direct
radical scavenger, whereas CoQH regenerates vitamin E.* These results suggest that redox inter-
actions of coenzyme Q with vitamin E may be important in the antioxidant protection of electron
transport membranes. In fact, NADPH-dependent electron transport-supported reduction of CoQ
rendered protection of microsoma membranes against azo-initiator-induced lipid peroxidation in a
synergistic fashion with vitamin E# Hence, in addition to CoQ'’s direct antioxidant effects, its
interaction with vitamin E—realized through its reduction of vitamin E phenoxyl radicals—leads to
vitamin E recycling and more effective antioxidant protection in biological systems.

The importance of the mechanism is that it links the reduction of coenzyme Q and, hence
recycling of vitamin E, to membrane electron transport systems and other enzymes capable of
reducing CoQ to CoQH (e.g., lipoamide dehydrogenase).*® In other words, this interaction couples
vitamin E recycling to the major metabolic pathways—enzymes of electron transport in mitochon-
dria, endoplasmic reticulum, and plasma membranes. As a result, the antioxidant effectiveness of
vitamin E is enhanced manyfold. This, however, only explains why vitamin E needs coenzyme Q
for its successful functioning as a physiological membrane antioxidant. |s there any need for vitamin E
in coenzyme Q's antioxidant role?

8.6 COENZYME Q SEMIQUINONE RADICAL REDUCES VITAMIN E
PHENOXYL RADICAL

Electron transport in membranes is aways accompanied by generation and release of superoxide,
whose level may become very high under some conditions (e.g., during the oxidative burst of
phagocytic cells, or in the presence of redox-cycling drugs).4#6 Overproduction of superoxide creates
prooxidant conditions, resulting in depletion of antioxidants and development of oxidative stress.

Superoxide readily reduces coenzyme Q to form ubisemiquinone and ubiquinol, directly or via
disproportionation of ubisemiquinone radicals, (Equations 8.4, and 8.5):4748

CoQ + O, - CoQH' + O, (8.4)

2CoQ + H" - CoQH + CoQ (8.5)

where CoQ = ubiquinone, CoQ" = ubisemiquinone, and CoQH = ubiquinal.

The reaction (8.4) is reversible—ubisemiquinone can undergo autooxidation yielding superox-
ide radicals.**%° This suggests that the ubiquinone/ubisemiquinone redox-couple may exert either
antioxidant or prooxidant effects depending on the steady-state concentrations of oxidized and reduced
coenzyme Q, oxygen, and superoxide. It should also be noted that ubisemiquinone is formed every
time reduced coenzyme Q acts as a direct chain-breaking antioxidant (Figure 8.1). Clearly, pro-
duction of superoxide by an antioxidant molecule is not consistent with its protective antioxidant
role. If, however, CoQ" and O, ae both consumed by reaction(s) with another antioxidant, then
the propensity of CoQ to be reduced to CoQe may serve a very important antioxidant role.

That isexactly what vitamin E and its one-electron oxidation product, vitamin E phenoxyl radica, can
do under conditions of oxidative stress. If oxidative stress is induced by superoxide, two redox-events
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FIGURE 8.1 Schemeillustrating radical scavenging reactions of tocopherol and ubiquinol. Note the formation
of ubisemiquinone that can donate an electron to molecular oxygen to produce superoxide anion-radical, hence
triggering oxidative stress. CoQ"—ubisemiquinone, CoQH—ubiquinol, T-OH—tocopherol, T-O"—tocopherol
phenoxy! radical.

will occur. One is superoxide-driven reduction of CoQ to CoQe. The other is oxidation of vitamin E
to its phenoxyl radical:

E-OH + 0, - E-O +0,+H" (8.6)

Therefore, vitamin E and its one-electron oxidation intermediate formed in the course of radical
scavenging activity of vitamin E, its phenoxyl radical, can act as electron sinks. This allows for
CoQ to donate its electron for productive recycling of vitamin E rather than for generating
superoxide anion and other reactive oxygen species, i.e., trigger prooxidant cascades (Figure 8.2).

Our initial experiments utilized smple and well-defined superoxide generating model systems—
K,O:/crown ether in an gprotic medium (DM SO) and xanthine/xanthine oxidase in aqueous systems.5?
We demonstrated that CoQ,, protected vitamin E against oxidation by superoxidein aconcentration-
dependent manner. Vitamin E was oxidized by superoxide to form ESR-detectable radicals of
tocopherol semiquinone radicals. In the presence of CoQ,,, neither these radicals, nor vitamin E
phenoxyl radicals (generated by UV-light, or PbO,) could be detected in ESR spectra. Instead, ESR
signals of CoQ;, semiquinone radicals were observed. Vitamin E caused a concentration-dependent
decrease of CoQ,, semiquinone radical steady-state concentration. These model experiments in
aprotic medium demonstrate that one electron reduction of CoQ,, by superoxide ion resulting in
the formation of CoQ),, semiquinone radicals caused redox-cycling of vitamin E from its phenoxyl
radical, thus, preventing loss of vitamin E. This suggests that CoQ (in its oxidized form) is able
to prevent superoxide-driven consumption of vitamin E, at least in aprotic medium. We further
found this mechanism can effectively operate in agueous systems as well. Water-soluble CoQ,
protected a water-soluble homologue of vitamin E, Trolox, against superoxide-induced oxidation
(produced by xanthine oxidase/xanthine system). CoQ, semiquinone radicals detectable by ESR
in the presence of xanthine/xanthine oxidase were no longer present in ESR spectra upon addition
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FIGURE 8.2 Schemeillustrating radical scavenging reactions of tocopherol and ubiquinol. Note that reduction
of ubiquinone to semiubiquinone utilizes superoxide. Ubisemiquinone formed reduces tocopherol phenoxyl
redical i.e., recycles vitamin E. Thus superoxide is productively consumed to recycle vitamin E in CoQ-
dependent reactions instead of its potential ability to induce oxidative stress. CoQ—ubiquinone,
CoQe—ubisemiquinone, CoQH—ubiquinol, T-OH—tocopherol, T-O'—tocopherol phenoxyl radical.

of Trolox.5? Combined, these results indicate that not only CoQH, but also CoQ,, semiquinone
radicals can reduce vitamin E phenoxyl radical in a one-electron reaction. This suggests that CoQ,,
may have another important physiological function, i.e., protection of vitamin E against superoxide-
driven oxidation.

In our subsequent studies, we tested whether this important mechanism of CoQ,, semiquinone
radicals may function in membrane systems. For this, we used purified human recombinant NADPH-
cytochrome P-450 reductase. We demonstrated that CoQ mediates recycling of vitamin E in a super-
oxide-driven reaction. We further found that NADPH-cytochrome P-450 reductase reduced phenoxyl
radicals of vitamin E and its homologues (e.g., radicals of 2,2,5,7,8-pentamethyl-6-hydroxychromane)
in NADPH-dependent reaction both directly and via coenzyme Q/superoxide-driven mechanisms.
NADPH-induced (superoxide-driven) recycling of vitamin E by NADPH-cytochrome P-450 oxi-
doreductase was dependent on the presence of CoQ and was completely inhibited by superoxide
dismutase (SOD).%?

Another membrane electron transport enzyme system, plasma membrane coenzyme Q reduc-
tase, can operate in a very similar way. In our joint work with Drs. Navas, Villalba, and Arroyo
(University of Cordoba, Spain) we studied CoQ/superoxide/Trolox interactions using purified
plasma membrane coenzyme Q reductase.® We found that this membrane enzymatic system
catalyzed NADH/coenzyme Q,-dependent reduction of phenoxyl radicals generated by lipoxyge-
nase/linoleic acid from Trolox, awater-soluble homologue of vitamin E. Characteristic ESR spectra
of Trolox phenoxyl radicals were not observed when NADH-dependent electron transport was
initiated through plasma membrane coenzyme Q reductase in the presence of CoQ. Typical spectra
of coenzyme Q, semiquinone radicals were detected instead. Trolox radical signals reappeared in the
spectra after complete consumption of NADH. The reduction of phenoxyl radicals occurred through
their interactions with reduced coenzyme Q, (or its semiquinone radical). Both superoxide-driven
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reduction and direct enzyme-mediated reduction of coenzyme Q, wasinvolved in therecycling of Trolox
from its phenoxyl radicas as evidenced by a significant (more than 50%) inhibitory effect of Cu, Zn-
SOD. Combined, these results demonstrate that vitamin E phenoxyl radicals are important for effective
antioxidant functioning of CoQ because they act as an eectron sink through which CoQ semiquinone
radicals and superoxide are diminated to prevent oxidative damage associated with superoxide-induced
Fenton chemistry. Interestingly, a recent study demonstrated that vitamin E and selenium deficiency
induces expression of the CoQ-dependent plasma membrane reductase system i.e., compensates by
enhanced effectiveness of CoQ-dependent antioxidant function.>*

Finaly, we studied whether superoxide-dependent protective effects of CoQ may be redlized in
cells. We performed measurements of site-specific lipid peroxidation in human leukemia HL-60 cells.
We metabolically labeled endogenous phospholipids in cells using an oxidation-sensitive fluorescent
fatty acid, cis-parinaric acid (PnA), exposed the cells to oxidative stress, and tested for antioxidant
protection by CoQ. The cells were supplemented with vitamin E (20 nmol/10° cells) and incubated
with a lipid-soluble azo-initiator of peroxyl radicals, 2,2'-azobis-2,4-dimethylvaeronitrile, AMVN
(Table 8.1). HPL C-fluorescence assay of PnA-labeled phospholipids showed that a pronounced oxi-
dation was induced in four mgjor classes of phospholipids: PC, PE, PS, and Pl after exposure to
AMVN. When the cells were incubated in the presence of xanthine oxidase/xanthine, even greater
oxidation of phospholipids occurred. Expectedly, combination of AMVN and xanthine oxidase/xan-
thine produced an additive dramatic depletion of PnA-labeled phospholipids. Notably, in the presence
of oxidized CoQ a significant protection against (AMVN plus xanthine oxidase/xanthine)-induced
oxidation was found. Oxidized CoQ did not cause any significant protection against AMV N-induced
oxidation (data not shown). These results strongly suggest that superoxide produced by xanthine
oxidase/xanthine caused reduction of CoQ to CoQe and CoQH, which were able to protect phospho-
lipids against oxidation, likely through cooperative interactions of CoQ and vitamin E.

Moreover, results of a recent study by Lass et al.% indicate that long-term administration of
CoQ,, or a-tocopherol can result in an elevation of their concentrations in the tissues of the mouse.
More importantly, CoQ,, intake has a sparing effect on a-tocopherol in mitochondria in vivo.

The oxidation of plasma lipoproteins is a hallmark of atherosclerosis and may play a potential
role in the pathogenesis of vascular remodeling. As mentioned earlier, the role of vitamin E alone

TABLE 8.1

Effect of Superoxide-Driven Reduction of Coenzyme Q10 on Lipid
Peroxidation Induced by AMVN in HL-60 Cells Supplemented With
a-Tocopherol

Oxidation of cis-PnA (ng/ug) Total Lipid (Pi/hr)

Treatment Pl PE PS PC

AMVN 60.0+ 414 2904+ 10.8 348+ 14.4 652.8 + 207.6
X-Xo 2208+ 331 6984 + 105.6 55.8+10.9 2466.0+ 309.5
AMVN+X-Xo 325.2+49.8 930.0+ 163.2 79.2+£6.0 3373.2+504.6

AMVN+X-X0+Qy 2844+ 3.0 742.2 £ 75.6 69.0+20  2400.0 + 30.0

HL-60 cells (0.5X10°) were grown in RPMI medium 1640 supplemented with 10% fetal
bovine serum and a-tocopherol (20 nmol/10° cells) for 24h at 37°C in CO, atmosphere.
Cells were harvested by centrifugation, washed, resuspended in buffer and cis-parinaric acid
was metabolically incorporated into HL-60 cells.

cis-PnA; cis-parinaric acid, PC; phosphatidylcholine, PE; phosphatidylethanolamine, PS;
phosphatidylserine, Pl; phosphatidylinositol, AMVN; 2,2 -azobis-2,4-dimethylvaleronitrile,
X-Xo; xanthine-xanthine oxidase.
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in protection of lipoproteins from oxidation is controversial since vitamin E can act as an apparent
oxidant in the absence of adequate recycling mechanisms.? Reduced CoQ (CoQH) represents an
important factor in lipoprotein particles that serves to recycle vitamin E via the mechanisms
described above. Surprisingly little CoQ, however, could be recovered from LDL present in plasma
and even less in its reduced form (CoQH).%65" This suggests that recycling of vitamin E by CoQH
may be limited in LDL unless CoQ recycling mechanisms are involved. Our proposed mechanisms
for superoxide-driven vitamin E radical reduction by CoQe offers a pathway that may be an essential
component for the vitamin E recycling. This mechanism may explain how minima amounts of
CoQ in either reduced or oxidized form can mediate catalytic vitamin E recycling by superoxide.
It needs to be pointed out that superoxide formation during the respiratory burst following inflam-
matory cell activation within the vessel wall may be the primary stimulus for LDL oxidation in
vivo. Therefore, under these circumstances one might expect significant dynamic shiftsin the steady-
state concentrations of reduced and semireduced CoQ and, thus, CoQ-mediated augmentation of
the protective action of vitamin E towards LDL oxidation in the presence of superoxide.

Most of what we know regarding vitamin E and CoQ interactions has been elucidated using
uncomplicated cell-free model systemsor grossly simplified cell-derived fractions (i.e., membranes)
as described above. Therefore, the functional repercussions of these potential interactions in terms
of cell function and their role in vivo are just beginning to be explored. One would anticipate that
CoQ/vitamin E interactions could profoundly influence mitochondrial function since this organelle
represents a major source of electron transport. Cell death, both necrotic and apoptotic, is accom-
panied by an uncoupling of electron transport and the formation of reactive oxygen species, most
notably superoxide. Much recent attention has focused on the role of mitochondrial superoxide
production,%® changes in mitochondrial permeability transition,® and cytochrome ¢ release® as
regulators of apoptosis. It is intriguing to speculate that vitamin E/CoQ interaction within the
mitochondria could be an arbiter of cell fate and determine whether the cell follows a necrotic or
apoptotic pathway to its ultimate demise following exposure to noxious stimuli.5%62

An interesting set of observations made by Dr. Navas and colleagues involves the association
between plasma membrane NADH/CoQ reductase and cell survival following growth factor with-
drawal. First, the addition of CoQ, as well as traditional antioxidants such as vitamins E and C to
cells attenuates the extent of apoptosis following serum withdrawal .62 Secondly, HL-60 cells made
deficient in functional mitochondria (p° HL-60) by prolonged culture in the presence of ethidium
bromide possessed enhanced CoQ content and expression of CoQ reductase activity ([64], see also
chapter 5 in this volume). Interestingly, these p° HL-60 cells were resistant to apoptosis following
growth factor withdrawal. This protection against cell death appeared to be related to the decreased
ability of these cells to activate neutral sphingomyelinase and accumulate ceramide.®> Since cera-
mide is an important intracellular mediator of intracellular communication that serves to inhibit
electron transport in mitochondriaand increase H,O, production by this organell e, vitamin E/CoQ
interactions at the level of the plasma membrane may regulate important signal transduction
pathways. Of course it can be argued that this effect is not specific for CoQ since these changes
could have arisen simply as an artifact of selection. Therefore, definitive demonstration of the
importance of this relationship awaits the application of technology that will allow the specific
manipulation of this system in order to test its effects. In this regard, identification and cloning the
genesresponsible for CoQ synthesis and creation of mutant yeast strains deficient in these pathways
will most certainly yield fruitful approaches ([67, 68], see also Chapter 7 in this volume).

In conclusion, vitamin E and CoQ form an essential redox-couple whose concerted action provides
for an effective antioxidant protection of membranes and lipoproteins. Vitamin E antioxidant effec-
tiveness is enhanced manyfold by CoQ, which links vitamin E recycling process to major metabolic
electron transport mechanisms. Reciprocally, vitamin E and its phenoxy! radical are absolutely crucia
for coenzyme's antioxidant function because they prevent accumulation of ubisemiquinone radicals
leading to dangerous (in the absence of vitamin E) prooxidant effects of coenzyme Q.
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Increasing evidence implicates oxidative modification of low-density lipoprotein (LDL) as an
important event contributing to atherogenesis. The “oxidative theory” of atherosclerosis implies
that antioxidants are anti-atherogenic. LDL contains various antioxidants including a-toco-
pherol (a-TOH) and ubiquinol-10 (CoQ,,H,). As the most abundant lipid-soluble antioxidant
present in plasma lipoproteins, a-tocopherol (a-TOH) has received the most attention with
respect to studies investigating the molecular mechanisms of LDL lipid peroxidation and
antioxidation. It has been established that «-TOH in LDL does not act in its conventional role
as a chain-breaking antioxidant. Instead, o-TOH can exhibit antioxidant or prooxidant activity
for lipoprotein lipids depending on the degree of radical flux and reactivity of the oxidant to
which LDL is exposed. To explain the complex molecular action of a-TOH during lipoprotein
lipid peroxidation and antioxidation, the model of tocopherol-mediated peroxidation (TMP)
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has been formulated. TMP proposes that the prooxidant activity of a-TOH is prevented by
coantioxidants, compounds capable of reducing the a-tocopheroxyl radical and exporting the
radical from the lipoprotein particle. CoQ,,H, represents an effective lipophilic coantioxidant.
Consistent with this, CoQ,,H, reduces the a-tocopheroxyl radical and is the first antiox-
idant consumed in LDL exposed to various oxidizing conditions. Furthermore, dietary
enrichment of LDL with CoQ,,H, protects lipoprotein lipids against ex vivo oxidation. This
chapter outlines the salient features of TMP, discusses how low levels CoQ,,H, inhibit LDL
lipid peroxidation, and how supplementation with CoQ,,H, may be required for a-TOH to
more efficiently attenuate lipoprotein lipid oxidation in vivo, and perhaps atherogenesis.

9.1 INTRODUCTION

Atherosclerosis, a disease of arteries, is a major cause of morbidity and mortality in the Western world.
Rupture of an advanced atherosclerotic lesion results in occlusion of the affected artery. Formation of
the atherosclerotic lesion is thought to result from a complex and excessive chronic inflammatory-
fibroproliferative response of the vascular wall to endothelial injury/dysfunction,' excessive retention
of low-density lipoprotein (LDL) in the arterial wall,” and oxidative modification of LDL.?

The “oxidation theory” proposes that accumulation of oxidized LDL in the subendothelial space
of arteries represents an important causative event for atherogenesis and that antioxidants are
potential antiatherogenic compounds.® In support of this, oxidized lipoproteins are detected in
atherosclerosic lesions*” and in vitro oxidized LDL exhibits potential proatherogenic activities that
may participate in both early and late events of atherogenesis.>® Thus, oxidatively modified, but
not native, LDL is taken up by macrophages in an uncontrolled manner via scavenger receptors to
form lipid-laden or “foam” cells,’ the hallmark of early atherosclerotic lesions. There is evidence
that scavenger receptors are important for the development of atherosclerosis in certain experimental
animal models of the disease.!® However, it is not clear whether, and if so, how, this relates to foam
cell formation and/or oxidized LDL. In vitro oxidized LDL can also promote endothelial dysfunc-
tion, the attraction to and retention of blood monocytes within the artery wall, cell proliferation
and cytotoxicity, thrombogenic reactions, and expression of matrix degrading enzymes.>® However,
the true physiological relevance of such in vitro oxidized LDL remains to be established. Further
support for the oxidation hypothesis is that certain (though not all) antioxidants inhibit the extent
of atherosclerosis in experimental animals. It has been proposed that antioxidants act primarily by
inhibiting lipoprotein oxidation.> However, recent studies indicate that antioxidants may modulate
atherosclerosis via actions in addition to, or independent of, their effects on LDL oxidation.!!2

Due to the proatherogenic potential of oxidized LDL, many studies have focused on under-
standing the molecular mechanisms of LDL oxidation and its prevention by antioxidants. Human
LDL contains various endogenous antioxidants of which o-TOH and ubiquinol-10 (CoQ,,H,; the
reduced and antioxidant form of coenzyme Q,;) appear to be the most important with respect to
modulation of LDL lipid peroxidation.!*?* «-TOH, biologically and chemically the most active
form of vitamin E,?' represents the major lipid-soluble antioxidant present in extracts prepared
from human lipoproteins. LDL contains, on average, 6 to 12 molecules of a-TOH per lipoprotein
particle!'>?2 and =0.5 to 1 molecule of CoQ,,H, per lipoprotein particle* (Table 9.1). Accordingly,
a-TOH has received most attention with respect to research into inhibition of LDL lipid peroxi-
dation and as a potential antiatherogenic supplement. However, results of vitamin E intervention studies
on the extent of atherosclerosis in experimental animals, and of controlled prospective trials on
the incidence of cardiovascular disease in humans, have, overall, been inconclusive.'?324 Further-
more, an increasing number of in vitro studies!>!7-1925-31 have demonstrated that «-TOH can exert

* A commonly cited review article [22] quotes = (.1 CoQ,,H, per LDL. However, these authors, despite measuring
ubiquinone, did not take special care to preserve CoQ,,H, during LDL isolation and extraction. Due to its labile nature, it
is likely that a majority of CoQ,,H, autoxidized to CoQ,, and hence was not accurately assessed.
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TABLE 9.1
Composition of Human LDL*
Component Weight (%) mol/LDL
Protein
Apoprotein B-100 220+19 1
Lipids
Phospholipids 223 +39 700
Phosphatidylcholine 450
Bisallylic hydrogens® 375
Cholesterol 9.6 0.7 600
Cholesterylesters 422 +3.8 1600
Cholesteryllinoleate 880
Cholesterylarachidonate 95
Bisallylic hydrogens? 1165
Triglycerides 5927 180
Bisallylic hydrogens® 50
Total bisallylic hydrogens? 1590

Antioxidants

a-Tocopherol 6-12
y-Tocopherol 0.5
Ubiquinol-10 0.5-0.8"
Lycopene 0.2-0.7
B-Carotene 0.1-0.4

2 The values given are derived from.!'4!522112.113

® Bisallylic hydrogens refer to the polyunsaturated fatty acids in
LDL, i.e., the most readily oxidized lipid moieties of the lipoprotein.
Linoleic and arachidonic acid contain one and three pairs of bisallylic
hydrogens, respectively.

¢ These values have been determined in [16].

prooxidant activity for lipoprotein lipids, in direct conflict with the view that the vitamin acts in
its conventional mode as a chain-breaking antioxidant.

The model of tocopherol-mediated peroxidation (TMP) has been developed to explain the
actions of a-TOH during lipoprotein lipid peroxidation.'> TMP proposes that a-TOH facilitates
the transfer of aqueous radicals into LDL and its one-electron oxidation product, a-tocopheroxyl
radical (a-TO"), acts as a peroxidation chain-transfer agent causing formation of lipid hydroper-
oxides in lipoproteins. Compounds capable of reducing the a-TOe radical and exporting the radical
from the lipoprotein particle, termed coantioxidants,? prevent plasma lipoprotein lipid peroxidation.
In this chapter we outline evidence indicating that CoQ,,H, represents an effective lipophilic coan-
tioxidant for plasma lipoproteins, and discuss whether TMP and coantioxidation are relevant for
aortic lipid peroxidation occurring during atherogenesis.

9.2 MOLECULAR ACTIONS OF VITAMIN E DURING
LIPOPROTEIN LIPID PEROXIDATION

LDL is a spherical particle of 20 to 22 nm diameter consisting of a molecule of apoprotein B-100
(apo B) embedded in a monolayer “surface” of polar phospholipids and cholesterol that surrounds
a “core” of neutral cholesteryl esters and triglycerides (Table 9.1). The oxidizability of LDL lipids
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is primarily dependent on their content of bisallylic hydrogen atoms. Cholesteryl esters contain
= threefold more bisallylic hydrogens than phospholipids and as such are the major lipid substrates
for peroxidation in LDL (Table 9.1). LDL lipid peroxidation is generally held to proceed, and
to a certain extent cause, the oxidation of apo B3* and oxidized lipid possess various proatherogenic
activities.®3* Therefore, understanding the molecular events involved in LDL lipid peroxidation and
how antioxidants prevent this process may provide important information in designing antioxidant
strategies to attenuate oxidative modification of lipoproteins in vivo and perhaps atherosclerosis.
Importantly, however, certain oxidants (e.g., HOCI* and peroxynitrite3!) directly oxidize apo B
independent of lipid peroxidation. Therefore, different antioxidant strategies may be required to
adequately protect both lipoprotein lipid and protein moieties from oxidative modification in vivo.

Before discussing the molecular mechanisms of lipoprotein lipid peroxidation (i.e., complex
heterogeneous lipid emulsions) and the role of «-TOH and CoQ,,H, in this process, we will first
briefly review the features of lipid oxidation and antioxidation occurring in homogeneous systems
and liposomes.

9.2.1 RaDICAL SCAVENGING AcTiviTy oF a-TOH anD CoQ,,H,

Studies in homogeneous solutions and liposomes have established that «-TOH? and CoQ,,H,>-*
are effective lipophilic chain-breaking antioxidants and as such effectively suppress lipid peroxidation.
Thus, o-TOH and CoQ,,H, rapidly react with the chain-carrying lipid peroxyl radical (LOO") (Reac-
tions 9.1 and 9.2). Alternatively, a-TOH and CoQ,,H, can react directly with the peroxidation
initiating peroxyl radical (ROO") (Reactions 9.3 and 9.4). Radical scavenging by a-TOH and CoQ,,H,
results in the formation of the relatively unreactive a-tocopheroxyl radical (a-TO") and the protonated
ubisemiquinone radical (CoQ,,H’; a para hydroxy substituted phenoxyl radical), respectively.

a-TOH + LOO" — a-TO" + LOOH 9.1)
CoQ,,H, + LOO" — CoQ,,H" + LOOH 9.2)
a-TOH + ROO" — -TO" + ROOH (9.3)
CoQ,,H, + ROO" = CoQ,,H" + ROOH (9.4)

The chain-breaking action of a-TOH and CoQ,,H, results in a well-defined “lag period” during
which less than one mole of lipid hydroperoxide (LOOH) is formed per mole of a-TOH or CoQ,H,
consumed (i.e., radical chain length v < 1.0). The length of the lag phase is increased when «a-
TOH and CoQ,,H, are added to liposomes in combination®®3* and CoQ,,H, is consumed before
a-TOH in this system.*®% As the rate constants for the reaction of peroxyl radicals and a-TOH or
CoQ,,H, are comparable, a “sparing” effect of CoQ,,H, for a-TOH suggests a reduction of a-TO"
by CoQ,,H,. Studies in organic solution,*’ liposomes,*' or autoxidizing mitochondrial membranes*
have provided more direct support for the reduction of «-TO" by CoQ,,H.,.

Various studies have reported that in liposomes, a-TOH prevents lipid peroxidation more
efficiently than CoQ,,H,.?¥43** The lower antioxidant efficacy of CoQ,,H, is likely due to its greater
propensity to autoxidize (via CoQ,,H and the ubisemiquinone radical, CoQ,, ), a process that
requires protons (H")* (Reactions 9.5 and 9.6).

CoQ,H <> CoQ,y + H" 9.5)

CoQ,, +H +0,—CoQ,,+0, +H" (9.6)
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Such autoxidation likely explains why the stoichiometric number for CoQ,,H, in liposomes is
=~1.3 The lower antioxidant efficiency of CoQ,,H, may also derive from a competing prooxidant
activity of CoQ,,H".** Thus, CoQ,,H" may autoxidize in an aprotic, lipophilic environment to
give rise to the hydroperoxyl radical (OOH) (Reactions 9.6), which itself can oxidize lipids.*’
Furthermore, a study in organic solvents has suggested that CoQ,,H" can promote homolysis of
H,0, or LOOH to form more highly reactive *OH and alkoxyl radicals, respectively.*

Although studies in homogeneous solution and liposomes can provide valuable information,
caution is required in the extrapolation of such results to biological membranes or lipoproteins.
First, the ratio of coenzyme Q to lipid employed in the liposomal systems is extremely high and
nonphysiological. Second, the precise location and orientation of coenzyme Q in liposomes is
unknown and may be different from that in biomembranes. In biomembranes, coenzyme Q can
interact with proteins and there is evidence that at least in mitochondria, membrane proteins can
bind and stabilize the ubisemiquinone radical.*

9.2.2 THe Rote ofF a-TOH anD CoQ,,H, IN LDL LipiD PEROXIDATION
1S DEPENDENT ON THE IN ViTRO OXiDI1ZING CONDITIONS EMPLOYED

Similar to the situation in homogeneous solutions, a clearly defined initial period of low rates of
lipid peroxidation is observed when isolated LDL is oxidized by exposure to high and nonphysi-
ological concentrations of Cu’"® During this initial period CoQ,,H,, «-TOH, and other compounds
referred to as “antioxidants” (e.g., carotenoids) are consumed rapidly. Following complete con-
sumption of these antioxidants, lipid peroxidation proceeds at high rates.** These results suggested
that «-TOH represents an effective chain-breaking antioxidant for LDL’s lipids in vitro. Consistent
with this, supplementation of the lipoprotein with a-TOH increases the length of the “lag phase,”
when LDL is exposed to these strongly oxidizing conditions.!3>%!

However, many studies have documented a lack of significant correlation between «-TOH
content and duration of lag time when native LDL is exposed to high Cu’" concentrations,%205253
Furthermore, when CoQ,,H,-free lipoproteins and ascorbate- and CoQ,,H,-free plasma are exposed
to more mild oxidizing conditions, «-TOH promotes, and is even required for efficient initiation
of lipid peroxidation.!”>* Under such mild oxidizing conditions, lipoprotein lipid peroxidation in
CoQ, H,-free lipoproteins (i) proceeds via a radical chain reaction of length > 1 in the presence
of a-TOH; (ii) is accelerated by enriching the LDL with a-TOH, (iii) is markedly suppressed in
LDL deficient in a-TOH; and (iv) is faster in the presence of «-TOH than immediately after its
complete consumption.'41.17:18.25.2831.55 Thege findings are not consistent with the conventional view
that vitamin E acts as a chain-breaking antioxidant for LDL lipids.

9.2.3 TocoPHEROL-MEDIATED PEROXIDATION

A kinetic analysis of LDL lipid peroxidation initiated by ROO" resulted in the formulation of TMP'3
as a general model to explain the molecular events involved in lipid peroxidation and antioxidation
in isolated, a-TOH-containing LDL exposed to radical oxidants (Figure 9.1). The TMP model of
lipid peroxidation encompasses the physical constraints and consequences of the radical reactions
taking place in emulsions of peroxidizing lipoproteins. The model predicts that «-TOH, in the
absence of CoQ,,H, and other low-molecular weight antioxidants (see below) can promote LDL
lipid peroxidation. Principally, this is due to both the phase-transfer activity of a-TOH (Reaction 9.1,
Figure 9.1) and the chain-transfer activity of a-TO" (Reaction 9.2, Figure 9.1).1525657 TMP and the
molecular action of vitamin E in oxidizing lipoproteins have been reviewed recently.?3-2458-61.62

The in vitro oxidizing conditions employed determine whether a-TOH acts as an antioxidant
or a prooxidant for lipids in CoQ,,H,-free, isolated LDL. Under conditions of high radical flux,
radical-radical termination reactions between «-TO" and the oxidation-initiating radical predominate
(Reaction 9.5, Figure 9.1), such that a-TOH exhibits an overall antioxidant activity. This readily
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FIGURE 9.1 Model of TMP for LDL lipid oxidation and antioxidation by CoQ,,H,. A solution of radical
oxidizing lipoprotein is an aqueous emulsion of lipid particles where the radical in one oxidizing particle,
present predominantly as a-TO, is segregated from a-TO" in other oxidizing particles, and oxidation of the
lipids proceeds via TMP.'> TMP (solid lines) is initiated by Reaction 9.1, reflecting the phase-transfer activity
of a-TOH. Lipid peroxidation initiation (Reaction 9.2), followed by the propagation Reactions 9.3 and 9.4,
reflect the chain-transfer activity of a-TO". This is a feature relevant for LDL exposed to mild radical fluxes.
Inhibition of TMP (anti-TMP, broken lines) can be achieved by reaction of a second aqueous radical oxidant
with a-TO* (Reaction 9.5), resulting in both formation of nonradical product(s) (NRP) and consumption of
«-TOH. This is a feature particularly relevant to high radical flux conditions, where a-TOH appears to act as
a conventional antioxidant. Alternatively, anti-TMP is achieved by LDL-associated CoQ,,H,, (or other coan-
tioxidants), which reduces a-TO" (Reaction 9.6) resulting in the formation of CoQ,,H", which may undergo
one of two reactions. First, CoQ,, 7CoQ,,H" may scavenge a-TO" resulting in the formation of CoQ,, and
a-TOH (not shown). Second, CoQ,,H" at the lipophilic/aqueous interface may deprotonate and the resulting
CoQ,,  autoxidize to form the chargedO,  that escapes to the aqueous environment (Reaction 9.7). It is
assumed that lipid peroxyl radicals (LOO") and a-TO* move freely within though do not readily escape from
oxidizing lipoprotein particles.”’ L*, carbon-centered lipid radical; LOOH, lipid hydroperoxide.

explains the “lag-phase” observed during the commonly employed Cu?*/LDL oxidation test system.*
However, under low radical flux conditions a-TO" is not “eliminated” so that chain-transfer (Reac-
tion 9.2, Figure 9.1) predominates and hence a-TOH exhibits prooxidant activity. For Cu?* as
the oxidant, «-TOH switches from a prooxidant to an antioxidant at a Cu?* to LDL ratio of =3.28
With peroxynitrite added as a bolus, the switching point occurs at oxidant to LDL ratios of 100:1 to
200:1.3' Whether vitamin E exhibits pro- or antioxidant activity is also determined by the reactivity
of the oxidant.!” For highly reactive oxidants (e.g., ‘OH), a lower radical flux is required to achieve
a prooxidant activity when compared to less reactive oxidants (e.g., ROO").!7 Thus, the point at
which a-TOH switches from a pro- to an antioxidant is reached at a radical flux of =130 and 250
nM/min for *OH and ROO", respectively.!” Extensive studies have confirmed that TMP is relevant
for oxidizing conditions that promote formation of free radicals. These include Cu”’, human
monocytes or macrophages cultured in the transition metal containing Ham’s F-10 medium,
15-lipoxygenase, hydroxyl radical ("OH), peroxynitrite (either added as a bolus or delivered in a
time-dependent manner by the simultaneous generation of O,  and *NO), MPO-derived tyrosyl
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radicals, myoglobin and horseradish peroxidase/H,0,.!317:1825.28-3161 Tp contrast, two-electron oxi-
dants such as HOCI do not induce substantial lipid peroxidation.®* However, among the oxidized
amino acid adducts formed by treatment of LDL with HOCI are chloramines that break down
to yield “secondary” radicals® that induce LDL lipid peroxidation via TMP.> Similar to HOCI,
apo B (rather than lipids) is the major target for peroxynitrite-induced oxidation reactions.’!
However, peroxynitrite also induces one-electron reactions® and hence LDL lipid peroxidation
via TMP.3!

9.3 COANTIOXIDATION

The chain-transfer reaction of a-TO" is kinetically unfavorable (kqyp = 0.05 M s 15) although

thermodynamically possible.®” As such, the prooxidant activity of «-TOH is effectively prevented
by compounds that reduce a-TO" and subsequently eliminate the radical from a lipoprotein parti-
cle. 32596870 Such compounds are termed coantioxidants.’> Importantly, regeneration of «-TOH
from a-TO" alone does not equate with coantioxidation. It is the conversion of the lipophilic «-
TO' into harmless aqueous radical(s) or nonradical products (NRP) by the coantioxidant that
prevents lipid peroxidation in lipoproteins.3

As indicated earlier, when a-TOH acts as a chain-breaking antioxidant up to one molecule of
lipid hydroperoxide is formed for each molecule of vitamin E consumed.’ In contrast, the TMP
model predicts that the formation of lipid hydroperoxides is strongly suppressed in the presence
of @-TOH and a co-antioxidant. Therefore, coantioxidants make «-TOH a more effective antiox-
idant for lipoprotein lipids.?>*° A variety of lipophilic and aqueous compounds represent potential
physiologically relevant coantioxidants as judged by their in vitro activity. These include CoQ,,H,,"*!8
a-tocopheryl hydroquinone (a-TQH,),”! ascorbate,'33>%72 and 3-hydroxyanthranilate.® The fol-
lowing will focus on CoQ,H, as a coantioxidant.

9.3.1 CoQ,¢H, LEVELS IN PLASMA LIPOPROTEINS

Freshly and rapidly isolated plasma lipoproteins contain only small amounts of CoQ,,H, when compared
to a-TOH. Thus, in unsupplemented human subjects, plasma contains =0.5 to 1.0 uM CoQ,,H, with
=58, 26, and 16% being present in LDL, HDL, and VLDL/IDL, respectively.”* Although accounting
for a majority of CoQ,,H, present in plasma, isolated LDL contains, on average, one molecule of
CoQ, H, for every second lipoprotein particle.!® Dietary supplementation with 100 to 300 mg/d of
coenzyme Q increases the concentration of CoQ,,H, in plasma and all of its lipoproteins.'® Maximal
enrichment of plasma and LDL with CoQ,,H, appears to be achieved after 5 days continuous
supplementation, after which time LDL’s CoQ,,H, levels are increased four- to fivefold, i.e., from
0.5-0.8 to 2.0-3.0 CoQ,H, molecules per LDL.!%!3 Interestingly, dietary enrichment with coen-
zyme Q,, may also result in an increase in LDL «-TOH levels.!®!® The reasons for this remain to
be elucidated.

In plasma lipoproteins more than 80% of the total coenzyme Q is present as CoQ,,H,,'¢ indicating
that sufficient reducing potential is available to keep circulating coenzyme Q,, in the reduced, (co-)
antioxidant active form. The recent study by Yamashita et al. shows that in healthy subjects, =95% of
coenzyme Q is present as CoQ,,H,’* indicating that plasma lipoprotein levels of CoQ,H, are
potentially 15% greater than previously measured.'®’> The redox status does not appear to be
dependent on the absolute plasma concentration of coenzyme Q,,.!® The reductive processes
required to maintain lipoprotein associated CoQ,,H, are yet to be fully elucidated.”®’” However, a
vast majority of gavaged coenzyme Q in rats is detected as ubiquinol in mesenteric lymph, indicating
that the intestinal tract represents one site where reduction takes place.”® This could involve various
intracellular enzymes such as DT-diaphorase,’ a plasma membrane NADH-ubiquinone reductase,®
and a cytosolic NADPH-ubiquinone reductase.®!
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9.3.2 CoQ,,H; 1s THE FirsT LiPOPHILIC ANTIOXIDANT CONSUMED IN Ex Vivo
LDL UNDERGOING OXIDATION

CoQ,,H, is the first antioxidant consumed when freshly isolated LDL is exposed to a vast array of
oxidizing conditions including the radical oxidants mentioned above, as well as hypochlorite, singlet
oxygen, peroxynitrite, and activated human phagocytes.!41631:596382-84 Dyring oxidation of human
plasma by aqueous oxidants, CoQ,,H, is consumed after ascorbate'®3! (Figure 9.2A). In contrast,
when plasma is oxidized with lipophilic ROO", consumption of CoQ,H, precedes that of ascorbate®
(Figure 9.2B). In plasma or LDL undergoing oxidation, consumption of «-TOH and formation of
oxidized lipids is markedly suppressed while CoQ,,H, is present!+!¢>? (Figure 9.2).

9.3.3 ENRICHMENT OF LDL witH CoQ,,H, INHIBITS LDL LiPiD PEROXIDATION

To investigate a role for CoQ,,H, as an LDL (co-) antioxidant, we have previously compared the
oxidizability of CoQ,,H,-enriched LDL (isolated from human subjects supplemented for 5 to 11 days
with 100 to 300 mg/day coenzyme Q) with the corresponding native, nonenriched LDL. Oxidizing
conditions employed in these studies included ROO",'¢ 15-lipoxygenase,®* peroxynitrite,3! the
transition-metal containing Ham’s F-10 medium,'® or Cu?* (S. R. Thomas, J. Neuzil, and R. Stocker,
unpublished observations). For all oxidizing conditions tested, CoQ,H,-enriched LDL was more
resistant to lipid peroxidation than the native LDL. Figures 9.3 and 9.4 show the data for LDL
exposed to 15-lipoxygenase®* or the peroxynitrite generator 3-morpholinosydnonimine (SIN-1),3!
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FIGURE 9.2 The order of CoQ,,H,, and ascorbate consumption in human plasma is dependent on whether
the radicals are lipophilic or aqueous in nature. Human plasma was exposed to either 10 mM AAPH (A,
aqueous ROO") or 2 mM AMVN (B, lipophilic ROO") and incubated at 37°C. At the indicated times, aliquots
were analyzed for ascorbate (.), CoQ,,H, (l), -TOH (@), and CE-O(O)H (hatched squares). 100% values
for the antioxidants were 48 uM ascorbate, 0.8 uM CoQ,,H,, and 18 uM «-TOH.



Mechanisms of Antioxidant Action of Ubiquinol-10 for Low-Density Lipoprotein 139

20+ A
= | _
z
S 10t -
<
=
o - _

0_ -

100 - B.
Q i i
: 5
o
=]

O - —

0_ -

1 1 1 1 1 1 1
0 180 360

Time (min)

FIGURE 9.3 Dietary supplementation with coenzyme Q protects LDL lipids against oxidation induced by
15-lipoxygenase. In vivo CoQ,,H,-enriched (closed symbols) or native (open symbols) LDL (0.86 = 0.21 uM
ApoB) was exposed to recombinant human 15-lipoxygenase (0.3 uM) and incubated at 37°C. At the indicated
times, LDL aliquots were removed and analyzed for CE-O(O)H (A) and CoQ,,H, (B). 100% values for
CoQ,,H, were 0.4 uM = 0.2 and 2.3 uM = 1.9 for native and CoQ,,H,-enriched LDL, respectively. Results
are the mean *SD of 3 independent experiments using LDL from 3 different donors. Published with permission
from [84].

respectively. Importantly, studies with Ham’s F-10 medium as the oxidant have demonstrated that
dietary coenrichment of LDL with CoQ,,H, and a-TOH prevents the prooxidant effect seen with
enrichment with «-TOH alone'® (Figure 9.5). The ability of CoQ,,H, to inhibit the prooxidant
activity of «-TOH is consistent with CoQ,,H, representing an effective lipophilic coantioxidant.
A role for CoQ,,H, as an important antioxidant for LDL lipids is also supported by studies by
Kontush et al.' and Tribble et al.®¢ who reported that the content of CoQ,,H, correlates negatively
with the susceptibility of LDL to the initial stages of Cu?*-induced oxidation. In contrast, a recent
study®” has reported no protective effect of dietary coenzyme Q supplementation on ex vivo LDL
oxidation. However, only total coenzyme Q content was measured in this study and no special care
was taken to preserve CoQ,,H, in the lipoprotein and elevated levels of CoQ,,H, at the initiation of
the oxidation experiments were not confirmed. CoQ,,H, is highly susceptible to autoxidation (during



140 Coenzyme Q: Molecular Mechanisms in Health and Disease

1 1 1 1
7 100
12T
180
= IS
S st o
= 160 2
= -
o S
S 140 3
m 4 =
O 1l <
20
ol 70
1 1 1 1
0 40 80 120
Time (min)

FIGURE 9.4 Dietary supplementation with coenzyme Q protects LDL lipids against oxidation induced by
peroxynitrite. Dietary CoQ,,H,-enriched (open symbols) or native (closed symbols) LDL (0.5 mg protein/mL)
was exposed to the peroxynitrite generator, SIN-1 (40 uM). At the indicated times, LDL aliquots were removed
and analyzed for CoQ,,H, (triangles), a-TOH (squares) and CE-O(O)H (circles). 100% values for CoQ,,H,
were 0.6 uM * 0.1 and 2.4 uM = 0.5 and for @-TOH were 8.3 uM = 0.2 and 10.6 uM = 0.2 for native
and CoQ),,H,-enriched LDL, respectively. Results are the mean = SEM of 3 independent experiments using
LDL from 3 different donors. Published with permission from [31].

plasma storage and/or subsequent LDL isolation) and hence can be lost unless stringent precautions
are taken.'®!888 Therefore, it is pertinent that studies examining a potential antioxidant function of
CoQ,,H, establish its presence prior to oxidation experiments.

At present there is a lack of knowledge as to whether CoQ,H, acts as an effective antioxidant
in vivo. To answer this issue, future studies may consider assessing the effect of coenzyme Q
supplementation on plasma and tissue levels of isoprostanoids, a class of nonenzymatic oxidation
products of arachidonic acid.®

9.3.4 MECHANISM OF CoQ,,H, ANTIOXIDANT AcTION FOR LDL LiriDs

An important issue is how small levels of CoQ,,H, provide significant antioxidant protection for
LDL lipids when the lipoprotein is exposed to a variety of different oxidizing conditions. We have
previously proposed!>18:36.6062 that CoQ,,H, scavenges a-TO" rather than oxidation-initiating radi-
cals, and as such represents a lipophilic coantioxidant. In support of this mechanism, CoQ,.H, is
consumed before a-TOH, despite a-TOH and CoQ,,H, exhibiting similar rate constants for the
scavenging of peroxyl radicals and a-TOH being present in LDL at a 5 to 10 times higher concen-
tration. Also, the hydrophobic side chain of CoQ,,H, likely reduces its mobility within the lipoprotein
particle and therefore decreases its access to radicals when compared to the more polar a-TOH.
Therefore, «-TOH would be expected to outcompete CoQ,,H, with respect to scavenging radicals
interacting with or present in LDL, resulting in the formation of a-TO". Consistent with this notion,
CoQ,,H, consumption is independent of the rate of radical generation (R,) whereas the rate of a-
TOH consumption increases with increasing R,.”" Also, CoQ,(H, does not affect the rate of a-TOH-
mediated reduction of Cu?* and hence the rate of formation of «-TO" in LDL exposed to this
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FIGURE 9.5 Dietary supplementation with coenzyme Q efficiently protects LDL against the prooxidant effect
of a-TOH supplementation alone. LDL was incubated in Ham’s F-10 medium at a final concentration of 0.1 to
0.2 mg protein/mL. (A) Enriched LDL samples were obtained from subjects supplemented with coenzyme Q,,
for 6 hours (n = 3) (@) or 5 days (n = 8) (M), and their oxidation was compared with the corresponding
native LDL isolated from nonsupplemented plasma after 6 hours (O) or 5 days (OJ) of storage. (B) The
oxidation of enriched LDL samples, from 8 subjects supplemented initially with a-TOH alone for 6 hours
(@) and then cosupplemented with a-TOH and coenzyme Q for 5 days (l) was compared with that of native
LDL isolated from plasma taken prior to supplementation and stored for 6 hours (O) or 5 days (CJ). The 100%
values for a-TOH were 1.8 = 0.6 umol/L for control LDL,3.25 * 0.7 umol/L for a-TOH-enriched LDL,
and 4.7 = 0.8 uwmol/L for coenriched LDL. The results shown represent means =SEM of n = 8 carried out
in duplicate. For statistical analysis, repeated measures ANOVA comparing lines of CE-OOH values of
supplemented LDL samples and those of the corresponding native LDL samples were carried out. *Significant
difference (P < 0.01). Published with permission from [18].

transition metal,”® yet CoQ,,H, inhibits LDL lipid peroxidation induced by this oxidant.'® Also,
CoQ,,H, can reduce a-TO" directly.”! Finally, enrichment of LDL with CoQ,,H, inhibits LDL lipid
peroxidation by oxidants that induce the formation of a-TO" in LDL and oxidize lipoprotein lipids
via TMP.13183184 Together, the above indicate that CoQ,,H, protects LDL lipids from oxidation most
likely by acting as a coantioxidant (Reaction 9.6, Figure 9.1).

Scavenging of a-TO" by CoQ,,H, results in the regeneration of «-TOH and the formation of
the CoQ,,H" (Reaction 9.6, Figure 9.1). The pK, of ubisemiquinone radical is 6.5, so that at
physiological pH and at the lipid/aqueous interface, it will be present as CoQ}, . In the nonpolar
and aprotic lipophilic environment of the interior of LDL, CoQ,,H* will predominate. CoQ}, in
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LDL could conceivably scavenge a second a-TO" (not shown in Figure 9.1). This reaction is
thermodynamically more favorable than that of CoQ,H, with a-TO" as the one-electron redox
potential of the CoQ,,/CoQ}, couple is lower (—36 mV) than that of the CoQ;},/CoQ,,H, couple
(200 mV).?? Indeed, this reaction has been experimentally verified in organic solvents.®® However,
for this reaction to occur, a second a-TO" would need to be present in oxidizing LDL, whereas
TMP proposes that only one a-TO" is present.!S Therefore, a reaction of CoQj, (or CoQ,,H") and
a-TOr is not likely important in an oxidizing LDL particle. Also, CoQ,,H" is unlikely to effectively
reduce a-TO" as the one-electron redox potential is likely to be similar to that of a-TO".

Alternatively, the relatively polar benzoquinone moiety of coenzyme Q,, may gain access
to the aqueous interface of LDL. In this case, CoQ,,H" will likely deprotonate and the resulting
CoQ)}, autoxidize to yield O; (Reaction 9.7, Figure 9.1).** Whether CoQ,,H" autoxidizes in
LDL’s interior is not known, although in the nonpolar, aprotic interior of liposomes, this
reaction is suggested to be unlikely.** In any case, the resulting *OOH would be expected to
reinitiate lipid peroxidation,*” whereas the presence of CoQ,H, in LDL effectively suppresses
lipid peroxidation. This suggests that formation of O is more likely. Whether the putative
0O, formed dismutates (into hydrogen peroxide and oxygen) or reduces a second molecule
of a-TO" is not known.3¢

In summary, each molecule of CoQ, H, scavenges at least 1 radical chain-propagating a-TO"
and thereby terminates 1 radical chain reaction. As LDL lipid peroxidation proceeds as a radical
chain reaction in the presence of a-TOH with chain-lengths of up to 25 reported, CoQ,,H, may
cause the rate of the peroxidation to decrease by up to 25 times. Also, the degree of inhibition
decreases with the square root of the concentration of the “coantioxidant.”!>-32 Therefore, coantiox-
idant action of CoQ,,H, (Reactions 9.6-9.7, Figure 9.1) can readily explain why even small amounts
of CoQ,,H, effectively inhibits LDL lipid peroxidation induced by a mild oxidative stress. As LDL
in unsupplemented humans contains on average <<l CoQ,,H, molecule per particle it may be
particularly relevant that the CoQ,,H, content can be increased to an average number to >1 as this
would be expected to increase the resistance of all lipoprotein particles towards lipid peroxidation.
The efficiency of CoQ,,H, as a LDL coantioxidant may be further enhanced in the presence of
effective reductive processes that maintain coenzyme Q in the reduced state.

A recent study has demonstrated that a-TQH,, the two electron reduction product of a-tocopheryl
quinone, can reduce CoQ,, to CoQ,,H, and a-TO" to «-TOH in lipoproteins.”" Interestingly, reduction
of CoQ,, by a-TQH, was observed only in intact lipoproteins, whereas it did not occur in organic
solution or lipid emulsions.”! Importantly, «-TQH, is stable when incorporated into lipoproteins, is
consumed before CoQ,,H, and «-TOH in oxidizing LDL, and therefore represents a most efficient
antioxidant in lipoproteins.”! This contrasts with results obtained from experiments using methyl
linoleate in organic phase or aqueous dispersions that demonstrate that a-TQH, is prone to autoxi-
dation and that «-TOH represents a more potent antioxidant than «-TQH, and CoQ,,H,.** The
differences described above highlight the need for caution in extrapolating results obtained from
experiments performed in artificial systems to biomembranes and lipoproteins. Although yet to be
substantiated, a-TQH, may be present in vivo at sites of inflammation such as atherosclerotic lesions
where «-TOH oxidation to a-tocopheryl quinone occurs® and (enzymatic) reducing system(s) may
be present that convert a-tocopheryl to quinone a-TQH,.® This suggests that «-TOH may provide
a potential “reservoir” for a coantioxidant that spares vitamin E from further consumption.”” a-TQH,
can be detected in human plasma lipoproteins after dietary intake of a-tocopheryl quinone indicating
that mechanisms exist in vivo capable of reducing the two-electron oxidation product of a-TOH.?
Also, a recent study suggested that oral a-tocopheryl quinone may be converted to «-TOH.”

Dihydrolipoic acid also maintains CoQ, H, in the reduced state by two-electron reduction of CoQ,,
or one-electron reduction of CoQj, . However, whether dihydrolipoic acid is capable of main-
taining lipoprotein-associated CoQ,,H, remains to be demonstrated. It is important to note that in
this context, under normal conditions, dihydrolipoic acid is not present in plasma.'®



Mechanisms of Antioxidant Action of Ubiquinol-10 for Low-Density Lipoprotein 143

9.4 COENZYME Q AND ATHEROSCLEROSIS

9.4.1 Levets oF a-TOH AND CoQ,¢H, IN PLASMA OF PATIENTS
WITH CARDIOVASCULAR DISEASE

As CoQ,.H, is the first lipoprotein-associated antioxidant consumed when plasma is exposed to
various oxidizing conditions, it has been proposed that the plasma coenzyme Q,, redox status [i.e.,
CoQ,H,/(CoQ,,H, + CoQ,,)] may represent a useful diagnostic indicator for in vivo lipoprotein
oxidation and oxidative stress.”* A number of studies have compared the levels of CoQ,H, in the
plasma of patients with advanced atherosclerosis with that of age-matched controls. On average,
plasma CoQ,H, and the coenzyme Q redox status are slightly lower, and the levels of a-TOH
slightly higher in patients exhibiting clinical indices of coronary artery disease.!°!!1°2 Importantly,
these changes in plasma antioxidant levels were not significant.'”! There also appears to be no
significant difference in the levels of antioxidants in isolated LDL from patients and controls, and
hydroperoxides of cholesteryl esters were undetectable (detection limit 10 nM) in both patients
and controls.!®! Thus, plasma and LDL levels of lipophilic antioxidants, including CoQ,H,, appear
only partially oxidized even in subjects with severe atherosclerosis.!?"192 Overall, this is consistent
with the assumption that oxidized lipoproteins detected in atherosclerotic lesions are derived
primarily from oxidation reactions occurring within the arterial wall.

In contrast to coronary artery disease patients, a significant decrease in the plasma coenzyme Q,,
redox status has been reported for patients with hyperlipidemia, liver disease (hepatitis, hepatoma,
cirrhosis), or treated with percutaneous transluminal coronary angioplasty.’>-103-105

9.4.2 Is TMP ReLevaNT FOR IN Vivo LipiD OXIDATION DURING
ATHEROSCLEROSIS?

Whether TMP of lipoprotein lipids occurs in vivo is difficult to prove. However, various lines of
evidence suggest that lipid oxidation detected in atherosclerotic lesions occurs in the presence of
a-TOH, and in part, via TMP.? Thus, oxidants thought to promote LDL oxidation in vivo promote
LDL lipid peroxidation in vitro via TMP. Also, substantial amounts of oxidized lipids coexist with
normal levels of a-TOH.*>!% In addition, 60 to 70% of cholesteryl linoleate alcohols (Ch 18:2-
OH), the predominant lipid oxidation products present in human atherosclerotic lesions®>'?7 are
present as the nonenzymatic and thermodynamically unfavorable cis, trans-isomers.?® This indicates
that they were formed in the presence of «-TOH.!%:1% Finally, where examined, coantioxidants
inhibit aortic lipoprotein lipid peroxidation in the aortas of atherosclerosis prone animals.!?!!
Together, these findings are consistent with, though are not conclusive proof that oxidation of
lipoprotein lipids in the atherosclerotic lesions occurs primarily via TMP. The findings are largely
inconsistent with the common assumption that substantial LDL lipid oxidation requires depletion
of a-TOH.* Given the important consequences, more work is required to establish whether, and
if so to what extent, lipoprotein lipid oxidation occurs in the absence or presence of vitamin E.

9.4.3 CoeNzYME Q;, CONTENT IN ATHEROSCLEROTIC LESIONS

With respect to inhibition of in vivo lipid peroxidation during atherogenesis, CoQ,(H, is a prime candidate
as an in vivo (co-) antioxidant for a number of reasons. First, unlike aqueous coantioxidants, CoQ,H,
is incorporated in lipoproteins, and as such can exhibit site-specific coantioxidation. Second,
CoQ,(H, inhibits LDL lipid peroxidation induced by both strong and mild oxidizing conditions'®
(S. R. Thomas and R. Stocker, unpublished observations). Third, CoQ,,H, is a first line of lipophilic
antioxidant defense in lipoproteins and plasma against physiologically relevant oxidants. Fourth,
supplementation with coenzyme Q increases the lipoprotein’s content of CoQ,,H, from <1 to >1
molecule per particle and this increases the oxidation resistance (see above). Finally, coenzyme Q
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appears to be a safe dietary supplement with no reported side effects, although long-term studies
with relatively high doses (100 to 200 mg/day) remain to be carried out.

In atherosclerotic lesions, CoQ,,H, has not been detected despite normal concentrations of total
coenzyme Q being present.®> However, any remaining CoQ,,H, may have autoxidized during sample
preparation. If coenzyme Q is present predominantly as CoQ,, in the arterial wall, then this would
increase the susceptibility of lipoproteins to oxidation. A recent study!!' using apolipoprotein E
knockout mice fed a high fat diet has reported that aortic coenzyme Q content decreases propor-
tionally to a-TOH as the atherosclerotic lesions develop. This, too, may increase the susceptibility
of lipoprotein lipids to oxidation.'®* However, dietary supplementation of these mice with coen-
zyme Q,, can increase aortic coenzyme Q up to 10 times thereby rectifying the imbalance with «-TOH
seen in unsupplemented mice.®?

9.4.4 Does COoeNzYME Q,, SUPPLEMENTATION ATTENUATE
EXPERIMENTAL ATHEROSCLEROSIS?

Recent studies have shown that supplementation of atherosclerosis susceptible apo-E gene knockout
mice with coenzyme Q,, results in substantially increased plasma and aortic levels of CoQ,,H,.®?
Importantly, this was associated with a decrease in the concentration of aortic lipid hydroperoxides
and the extent of atherosclerosis in the aorta (P. K. Witting, K. Pettersson, R. Stocker, in preparation).
In light of the oxidation theory, it might be assumed that the ability of CoQ,(H, to inhibit aortic
lipid oxidation is the primary reason for its antiatherosclerotic activity. However, a recent study
has shown that aortic lipid oxidation and atherosclerosis can be dissociated'? and antioxidants may
inhibit atherosclerosis independent of LDL oxidation.!'>* Further studies are required to validate
the antiatherogenic activity of coenzyme Q.

9.5 CONCLUSION

TMP represents a valid model to explain the molecular actions of vitamin E in controlling lipo-
protein lipid peroxidation and explains why the antioxidant activity of vitamin E is enhanced or
even dependent on the presence of coantioxidants, of which CoQ,H, may represent the most
important physiologically relevant example. There is some evidence supporting a participation of
TMP for in vivo lipoprotein lipid oxidation in human atherosclerotic lesions. Where tested, coan-
tioxidants inhibit in vitro>*-7° and in vivo lipoprotein lipid peroxidation!>!'® and CoQ,,H, represents
the first line of lipophilic coantioxidant defense. Although low levels of CoQ,,H, are present in
plasma lipoproteins, dietary supplementation with coenzyme Q,, increases both the content of
CoQ,,H, in lipoproteins and their resistance to lipid peroxidation. Although implicated, to date there
is no conclusive proof that LDL lipid oxidation causes atherosclerosis, and that vitamin E supple-
mentation alone inhibits atherosclerosis in humans and animals. These inconclusive results are not
surprising considering that atherosclerosis is a complex disease involving multifactorial causes. If
LDL lipid oxidation represents an important cause of disease, then supplementation with vitamin E
plus coantioxidants, rather than vitamin E alone, represents a logical antiatherogenic strategy.
Therefore, future human and animal intervention studies investigating the ability of coenzyme Q
supplementation, either alone or in combination with vitamin E, are warranted.
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