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Tocopherols (a-, 8-, y-, and 6-Toc) and tocopheryl quinones (a-, -, y-, and 0-TQ) were recently
suggested to modulate mitochondrial electron transfer in mammals. Intriguingly, Tocs and stigmatellin,
a potent inhibitor of the mitochondrial cytochrome (cyt) bc; complex, possess a common structural feature:
the chroman core. Therefore, we studied the interference of Tocs as well as synthetic model compounds
(low molecular weight TQ analogues and tetramethyl chromanones) at the mitochondrial cyt bc; complex.
Enzymatic experiments revealed that besides the inhibitor stigmatellin, among natural vitamin E-related
derivatives, y-TQ/0-TQ and, among synthetic compounds, TMC20 (6-hydroxy-4,4,7,8-tetramethyl-
chroman-2-one) were most effective in decreasing the cyt be, activities. Stopped-flow photometric and
low-temperature electron paramagnetic resonance spectroscopic experiments showed for TMC20 an
inhibition of electron transfer to cyt ¢; and a modulation of the environment of the Rieske iron—sulfur
protein (ISP). Docking experiments suggest a binding interaction of the 6-OH group and 1-O atom/2-
C(=0) group of TMC20 with Glu-271 (cyt b) and His-161 (ISP) in the cyt bc; complex, respectively.
This binding pose is similar but not identical to the potent inhibitor stigmatellin. The data suggest that

chroman-2-ones are possible templates for modulatory molecules for the cyt bc; target.

Introduction

The biological functions of vitamin E-related compounds have
been of interest in biomedical research for several decades (/, 2).
When the importance of oxygen radicals in the pathogenesis of
various diseases was recognized, substances to combat oxidative
stress became of potential therapeutic interest (3, 4). The
observation that a major function of the vitamin E family
(among others, see ref 5) is the scavenging of lipophilic reactive
oxygen species boosted the application of these compounds as
food supplements and for adjuvant therapy (6—8). The functions
of vitamin E and its metabolites are far from being clear today,
in spite of the long research history (9, 10).

Among the compounds of the vitamin E group, o-tocopherol
(0-Toc)' was recognized as the most important and abundant
lipid radical scavenger in mammalian tissues, while additional
effects of the non-a-homologues (Tocs not permethylated at
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! Abbreviations: Asc, ascorbate; ATQ, atovaquone; cyt, cytochrome;
DMSO, dimethyl sulfoxide; dUQH,, decylubiquinol; ICs,, concentration
at which 50% inhibition occurs; ISP, iron—sulfur protein; MOPS, 3-mor-
pholino-1-propane sulfonic acid; Myx, myxothiazole; Pow, octanol/water
partition coefficient; QSAR, quantitative structure—activity relationship; Stig,
stigmatellin {2-[(7E,9E,11E)-4,6-dimethoxy-3,5,11-trimethyl-trideca-7,9,11-
trienyl]-8-hydroxy-5,7-dimethoxy-3-methyl-chromen-4-one }; TMC20, 6-hy-
droxy-4,4,7,8-tetramethyl-chroman-2-one; TMC40, 6-hydroxy-2,2,7,8-
tetramethyl-chroman-4-one; Toc, tocopherol (all congeners); TQ, tocopheryl
quinone (all congeners); a-TQy, 2-(3-hydroxy-3-methyl-butyl)-3,5,6-tri-
methyl-[1,4]-benzoquinone (TQ having the 4,8,12-trimethyldecyl side chain
replaced by a methyl group); y-TQo, 5-(3-hydroxy-3-methyl-butyl)-2,3-
dimethyl-[1,4]-benzoquinone; UQ, ubiquinone; UQH,, ubiquinol.
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the aromatic core), among them y-Toc, were attributed to the
scavenging of reactive nitrogen species and other electrophiles
(11). A toxicological reason for the observed preference of
o-Toc vs y-Toc in mammalian tissues could be the metabolism
of incompletely aryl-methylated Tocs to arylating y-tocopheryl
quinones (y-TQ) vs the nonarylating a-TQ (/2). This is in line
with findings that quinone metabolites of y- and 0-Tocs possess
cytostatic properties against cancer cells, while the correspond-
ing o-metabolites are ineffective in this respect (/3). In addition,
several other functions of individual vitamin E compounds, such
as regulation of gene expression and signal transduction, were
recognized (5). In spite of the overwhelming number of scientific
publications about a-Toc and partially also y-Toc, the knowl-
edge about the bioactivity of degradation products of Toc, such
as TQ, epoxides, and various addition products to lipids (10, 14)
arising in the mammalian organism, is scarce, especially with
respect to their toxicological and pharmacological effects.

Tocs chemically belong to the class of chromans. In some
applications, it has been shown that the chroman structure is
similarly important to pharmacological effects as is the phenolic
OH group. For example, troglitazone, an oral antidiabetic drug,
contains a chromanol moiety, although radical scavenging is
not its primary mode of action (15, 16). This suggests that the
pattern of polar/apolar interaction sites in chromans/chromanols
provides templates for specific enzyme/receptor binding sites.
In this context, the question arises whether Toc derivatives
interact with electron transport enzymes in the inner mitochon-
drial membrane, such as the cytochrome (cyt) bc; complex.
Possible targets at this complex could be overall electron transfer
(respiration), superoxide formation, proton pumping, and other
functions. In any case, a binding of Toc-related compounds
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Figure 1. Structure of the mitochondrial inhibitor Stig.

would be a prerequisite to modulatory functions. Recently,
Cuddihy and co-workers (/7) reported the stimulation of
mitochondrial superoxide release by increasing concentrations
of o-Toc in mitochondria and observed higher respiratory
control values at higher o-Toc concentrations. They suggested
a modulatory activity of the chromanol a-Toc and the para-
benzoquinone o-TQ through binding to the cyt bc; complex.
Therefore, the question arose to which extent Toc-related
molecules bind to the cyt bc; complex and which structures are
responsible for binding. According to crystal structures of the
cyt be; complex, the entrance channels to these ubiquinone (UQ)
(Qi pocket)/ubiquinol (UQH;) (Q, pocket) binding sites are
located in the lipid membrane and favor binding of molecules
with lipophilic properties, such as UQ and Toc compounds.
While the Q, site is located close to the outer face of the inner
mitochondrial membrane, Q; has a position close to the inner
face of this membrane. In this context, it is noteworthy that
stigmatellin (Stig, Figure 1), a potent inhibitor of the cyt bc,
complex, has a chromene (unsaturated chroman) core and
resembles structural elements of chromanols. For a-TQ, a para-
quinone metabolite of Toc, an interaction with several redox
enzymes natively binding endogenous UQs was reported,
leading partially to its reduction to the corresponding hydro-
quinone (o-TQH,) (/8). Besides the toxicological questions, the
inhibition of the mitochondrial cyt bc; complex in species other
than mammals is of general pharmacological interest. For these
reasons, we studied the extent and mechanism of inhibitory
effects of natural (o, 3-, v-, and 6-Toc and a-, -, y-, and
0-TQ) and synthetic (low molecular weight TQ analogues and
chromanones) compounds.

Materials and Methods

Chemicals. All-rac-o-Toc, sucrose, NaCl, NaH,PO,, NaNj,
FeCl;, EDTA, glycerol, ascorbic acid, KH,PO,, dimethyl sulfoxide
(DMSO), and sodium dithionite were purchased from Merck.
Cytochrome c, decylubiquinone, 3-morpholino-1-propane sulfonic
acid (MOPS), RRR-f3/0-Tocs, and Triton X-100 were obtained from
Sigma. All-rac-y-Toc was from Calbiochem. KCN and Stig were
obtained from Fluka. The TQs (a-, -, y-, and O0-TQ) were
synthesized by oxidation of the corresponding Toc with FeCl; and
subsequent chromatographic purification, by analogy to the method
reported in ref /9. The low molecular weight analogues 2-(3-
hydroxy-3-methyl-butyl)-3,5,6-trimethyl-[1,4]-benzoquinone (o
TQp) and 5-(3-hydroxy-3-methyl-butyl)-2,3-dimethyl-[1,4]-benzo-
quinone (y-TQ) were prepared according to the same method using
a modified chromatographic workup as described in ref 20.
6-Hydroxy-4,4,7,8-tetramethyl-chroman-2-one (TMC20) and 6-hy-
droxy-2,2,7,8-tetramethyl-chroman-4-one (TMC40) were synthe-
sized according to ref 21. Decylubiquinol (dUQH,) was prepared
from decylubiquinone according to ref /9.

Preparation of the Mitochondrial Cyt bc; Complex. A beef
heart mitochondrial suspension was prepared from fresh beef heart
by differential centrifugation according to Smith (22). The prepara-
tion method of the cyt bc; complex was adopted from Schégger et
al. (23). Briefly, after a centrifugation of the mitochondrial
suspension at 27000g for 15 min, the pellet was resuspended in
MOPS buffer (20 mM, pH 7.2) to give a protein concentration of
35 mg/mL. Mitochondria were partially solubilized by adding Triton
X-100 (1.75%) and NaCl (600 mM), giving a protein concentration
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of 26 mg/mL. The pellet obtained by ultracentrifugation at 100000g
for 45 min was resuspended in a buffer containing 300 mM sucrose
and 20 mM MOPS (pH 7.2), giving a protein concentration of 35
mg/mL. The resulting suspension was mixed with an equal volume
of extraction buffer (4% Triton X-100, 1.2 M NaCl, 20 mM MOPS,
300 mM sucrose, and 2 mM NaNj, pH 7.2) and stirred for 5 min.
The supernatant obtained by ultracentrifugation (45 min, 100000g)
was mixed with an equal volume of hydroxyapatite [prepared
according to Tiselius et al. (24)] equilibrated with 0.5% Triton
X-100, 250 mM NaCl, and 80 mM NaH,PO, to bind cyt bc,
complex. After a slow speed centrifugation (1 min, 430g), the bc,/
hydroxyapatite sediment was washed with 5 volumes of buffer
(0.05% Triton X-100, 250 mM NaCl, 110 mM NaH,POy,, and 2
mM NaNs;, pH 7.2). The washed sediment was filled into a
preparative column, and the cyt bc; complex was eluted with buffer
(0.25% Triton X-100, 0.2 M KH,PO,, and 2 mM NaNj, pH 7.2).
The crude detergent-solubilized cyt bc; complex was concentrated
to 15 mg protein/mL by pressure filtration using Amicon YM100
membranes (Millipore). Finally, the enzyme preparation was
purified by gel chromatography using a Sepharose CL-6B column
eluted with 0.05% Triton X-100, 100 mM NaCl, 20 mM MOPS,
and 2 mM NaNj3, pH 7.2. Freshly prepared cyt be; contained up to
6.5 nmol cyt bc; complex/mg protein and was stored at 77 K after
the addition of 25% glycerol.

Determination of Michaelis—Menten Parameters and Inhibi-
tion of the Quinol:cyt ¢** Oxidoreductase Activity. The activities
of the respective compounds at the isolated cyt bc; complex were
measured using 1.3 ug/mL (6 nM) bovine heart cyt bc; complex
protein. The enzyme was suspended in 1 mL of buffer (pH 7.2, 25
°C) containing 250 mM sucrose, 50 mM KH,PO,4, 0.2 mM EDTA,
2.5 mM KCN, 2 mM NaNj, and 100 uM cyt ¢**. Then, the reaction
mixture was incubated for 10 min at 25 °C with the required
concentrations of test compounds dissolved in DMSO, never
exceeding a total amount of 10 uL of vehicle. Respective control
experiments to obtain the noninhibited activity (100% activity) were
performed in the presence of the corresponding amounts DMSO.
Then, the reduction of cyt ¢** was measured photometrically as
the difference of the absorbance at 550 nm (cyt ¢**) minus the
absorbance at 540 nm (isosbestic point) after the addition of
75 uM dUQH,; over a time of 3 min using a Shimadzu Multispec
1501 diode array photometer. Experiments were carried out in the
presence of KCN and NaNj;. The obtained slopes were corrected
for the chemical reduction of cyt ¢** by dUQH, obtained in the
absence of cyt bc; complex. The experiments in the absence of
chroman compounds were carried out using 0—60 uM dUQH, to
obtain rate—substrate data for the determination of K, and vy,,.
The enzymatic reduction rates were calculated using an extinction
coefficient of €ss0—sqonm = 19 mM~' cm™' for cyt ¢ (25). All
measurements were done in triplicate for each compound and
dUQH, concentration.

Log Octanol/Water Partition Coefficient (Pow) Calculation.
Structures of all compounds were built and geometry optimized
using Hyperchem 7.5 (26). Subsequently, the log Pow was
calculated using the quantitative structure—activity relationship
(QSAR) properties module, which uses an algorithm of Viswa-
nadhan et al. (27).

Inhibition of Cyt b and Cyt ¢, Presteady-State Reduction. Fast
reduction kinetics of cytochromes in isolated cyt bc; complex were
followed with an AMINCO DW2000 spectrometer equipped with
a stopped-flow reactor (MilliFlow SLM). The two syringes of the
reactor contained 2 mL of buffer (100 mM NaCl, 10 mM MOPS,
and 0.05% Triton X-100, pH 6.0), 2 mM KCN, and 2 mM NaNj.
In addition, the two syringes contained either cyt bc; complex
(4.8 uM) or dUQH, (127 uM), respectively. From both syringes,
each 100 uL was mixed per shot, and data acquisition was
performed for 3 s following the absorbance difference at 564 (cyt
b) and 577 nm (isosbestic point) for cyt b and the absorbance
difference at 554 (cyt c¢;) minus 540 nm (isosbestic point) for cyt
c; using a fast filter mode. Control experiments were performed in
the absence of dUQH,. For inhibition experiments, TMC20 (500
uM) and Stig (100 uM) were admixed to the solution containing
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the cyt bc; complex in one syringe at least 1 min prior to an
experiment. Therefore, final concentrations after mixing in the
optical cell of the stopped-flow unit were the half of the initial
concentrations for inhibitors, cyt bc; and dUQH,. For each sample,
five kinetic traces were averaged by a computer program of own
design. Cytochrome reduction rates were calculated by an expo-
nential fitting function during the first second prior to reaching a
steady-state absorbance. The performance of the stopped-flow
system was tested mixing a solution of bromophenol blue with
buffer and following the absorbance increase at the wavelength 592
nm using the absorbance at 650 nm as a reference. From the
detectable portion of the absorbance increase, a maximal first order
rate constant of 40 s~! was calculated. For the kinetics of cyt redox
state, only rates below this limit were considered as reaction rates
arising from cyt reduction. Spectra in the visible region of the
presteady-state reduction were recorded by a Shimadzu Multispec
MS1501 diode array photometer setting the resolution to 2 nm and
the scan rate to 0.2 s. For this experiment, isolated bc; complex (3
uM) was diluted in 1 mL of buffer containing 100 mM NaCl, 10
mM MOPS, 0.05% Triton X-100, pH 6.0, 1 mM KCN, and | mM
NaNj in a stirring cuvette. After preincubation (1 min) with vehicle
(DMSO, control experiment), 250 uM TMC20 or 50 uM Stig data
acquisition was started for a total of 30 s. Cyt bc; reduction was
started by the addition of dUQH, (100 M) at about 3 s, and total
reduction was achieved by the addition of dithionite at 15 s. For
evaluation of the data, spectra indicating the admixing of dUQH,
were identified and considered as initial state (0 s), and consecutive
spectra were selected for analysis of the cyt b/cyt ¢, reduction ratio.

EPR Spectroscopy of the Rieske Iron—Sulfur Center. Samples
of oxidized Rieske iron—sulfur center (FeS) were prepared by
suspending isolated bovine heart cyt bc; complex (63 uM) in
100 uL of buffer (250 mM sucrose, 50 mM KH,PO,, and 0.2 mM
EDTA, pH 7.2) containing 10 mM NaNj; and 2% (v/v) DMSO
(vehicle for inhibitors). This reaction mixture was incubated for
20 min in quartz tubes (4 mm o.d.) and was then frozen in liquid
nitrogen. Reduced Rieske iron—sulfur centers were prepared
analogously but in the presence of 10 mM ascorbate (Asc) alone
or additionally 500 uM TMC20 or 100 uM Stig (dissolved in
DMSO). Low temperature EPR spectra were recorded using a
Bruker EMX instrument equipped with a TE,(, cavity and a cryostat
(Oxford ESR 900) cooled by liquid helium. Prior to the experiments,
the cryostat and the helium transfer line were evacuated below 107>
mbar by a turbo molecular pump (Pfeiffer TSH 064). The sample
temperature was adjusted to 20 K by a temperature controller
(Oxford ITC 503), a pump (Oxford GF3) for helium circulation,
and a gas flow controller (Oxford VC 41). For EPR measurements,
used were the following instrument settings: 9.47055 GHz micro-
wave frequency, 10 mW microwave power, 3600 G center field,
1000 G sweep, 10 G modulation amplitude, 5.02 x 10° receiver
gain, 715 G/min scan rate, 0.163 s time constant, and 1 scan. The
subtraction of spectra from reduced minus oxidized samples,
baseline correction, and measurements of g-factors were performed
using the software WINEPR (Bruker).

Molecular Modeling. The crystal structure 2A06 (28) of a bovine
cyt bc; complex was chosen as a template for the study. In this
structure, two UQ and two Stig molecules were bound into the
two Q; and two Q, binding pockets, respectively. Because of the
fact that Stig bound in the cyt b subunit of one monomer interacts
with the Rieske FeS center of the other monomer, we extracted
the C (cyt b) and the R (FeS) chain from the complex. Likewise,
Stig bound between these two chains was extracted and later taken
as reference for the initial position of the docked ligands. The Stig
molecule from the crystal structure was edited by correcting bond
order and adding hydrogens without disturbing its global structure
and position. All other structures were built in Hyperchem (26)
and subsequently optimized using the MM+ force field and finally
stored as PDB files. Using Autodock Tools (29), molecular torsions
of ligands were compiled into PDBQT files for Autodock 4.0
(30—32), and parameter files were created. The protein subunits
were treated likewise, and in addition, charges of heme iron atoms
were corrected manually. All dockings were performed using

Chem. Res. Toxicol., Vol. 23, No. 1, 2010 195

o-Toc: Ry, R,, Ry = CHy; R, = 4,8,12-trimethyltridecy!

y-Toc: R, = H; Ry, Ry = CHg; R, = 4,8,12-trimethyltridecy!
B-Toc: Ry, Ry = CH;; R, = H; R, = 4,8,12-trimethyltridecyl
&-Toc: Ry, R, = H; Ry = CH,; R, = 4,8,12-trimethyltridecy!

a-TQ: Ry, R,, Ry = CH,; R, = 4,8, 12-trimethyltridecyl
o-TQq Ry, Ry, Ry =CH;; R, = CH,

v-TQ: R, = H; R,, R, = CH;; R, = 4,8,12-trimethyltridecyl
v-TQ, R, =H; R, Ry =CH;; R, = CH,

B-TQ: R,, R;= CH;; R, = H; R, = 4,8,12-trimethyltridecyl
8-TQ: Ry, R, = H; Ry = CH,; R, = 4,8,12-trimethyltridecy!

IMC4O TMC20

Figure 2. Structures of Toc derivatives and related compounds tested
for their inhibiting properties in the isolated cyt bc; complex.

standard parameters except that 5 x 10° energy evaluations and
100 docking runs were used. Analysis of docking results and
preparation of figures was done by the Autodock Tools package.

Data Analysis. Mean values, SDs, and SEs of experimental data
were calculated using Origin 6.1 (MicroCal). The concentrations
at 50% inhibition (absolute ICsy values) for experiments with cyt
bc, complex were obtained from a nonlinear regression of the
activity data [Origin 6.1 (MicroCal), custom function] according
to a four parameter logistic model (4PL, Hill—Slope model)
following the recommendations of the National Institute of Health.
The absolute 1Csy was calculated according to eq 1 setting v to
0% and vy, to 100% remaining activity. With the latter parameters
fixed, slope and ICs, were calculated from v (actual inhibition in
%) as a function of inhibitor concentration (ciyp).

(Utop - Z/bot)

1+ (¢;,/TC50)™*

Determination of Michaelis—Menten parameters Ky, and v, was
performed by nonlinear regression [Origin 6.1 (MicroCal), custom
function] of turnover number (v) as a function of the substrate
concentration (cy) according to eq 2.

ey

= Utop

Umax X Csub

V=
Km+csub

@)

Results

The compounds selected for this study belong to the group
of Tocs (a-, -, y-, and 6-Toc) and their oxidation products,
TQs (o-, 5-, y-, and 0-TQ). In addition to these compounds,
naturally occurring as (R,R,R)-isomers, synthetic short-chain
homologues of TQ (a-TQ and y-TQy) and the chromanones
TMC20 and TMC40 were investigated. In the compounds
tested (Stig, Figure 1, and Toc, chromanones, Figure 2), the
chroman core is a common structural element. To assess
inhibiting properties of Toc-related compounds (a-, -, y-,
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Figure 3. Decrease of dUQH,:cyt ¢*" oxidoreductase activity of isolated cyt be; complex in the presence of a-Toc (A), a-TQ (B), y-Toc (C), y-TQ
(D), -Toc (E), 5-TQ (F), 6-Toc (G), and 6-TQ (H). The activity without inhibitor was set to 100%, and the subsequent inhibition was expressed
in % of total activity. Each data point represents the mean = SE of three measurements. The assay was performed with three independent enzyme
preparations. Data points were fitted by a four parameter logistic model (4PL, Hill—Slope model, eq 1) for the calculation of the ICs, values.

and 0-Toc; a-, 8-, y-, and 0-TQ; o~ and y-TQ,; TMC20;
and TMC40), the isolated cyt bc; complex from bovine heart
was preincubated with the respective derivatives, and then,
the remaining dUQH,:cyt ¢** oxidoreductase activity at a
fixed dUQH, (75 uM) and fixed cyt ¢** (100 M) concentra-
tion was determined (Figure 3A—H for Toc and TQ
congeners and Figure 4A—D for TQ, and TMCO derivatives).
In addition, the potent mitochondrial inhibitor Stig was
studied in these experiments (Figure 4E). Control experiments
were carried out in the presence of vehicle (DMSO) and
served as reference values (100%). The activity in the

presence of Toc-related compounds was expressed in percent
remaining activity of the control experiment (vehicle only).
The maximum concentration of Toc-related compounds used
was limited by the turbidity of assay solutions and was not
further increased if about 80% inhibition (20% residual
activity) was achieved (Figures 3 and 4). Therefore, it was
not possible to verify whether 100% inhibition can be
obtained in all cases. However, to compare the inhibition
potency between the tested compounds, the concentrations
at which 50% residual activity was obtained (absolute ICs)
were calculated (Table 1). These data demonstrate a moderate
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Figure 4. Decrease of dUQH,:cyt ¢** oxidoreductase activity of isolated cyt bc; complex in the presence of a-TQy (A), y-TQy (B), TMC40 (C),
TMC20 (D), and Stig (E). The same conditions as in Figure 3 were used.

Table 1. Inhibition of the dUQH,:cyt ¢*" Oxidoreductase
Activity by Tocs and Related Compounds”

compound ICso (uM) log Pow caled

a-Toc 1739 + 127 9.6

y-Toc 1069 £ 62 9.13
B-Toc 686 + 56 9.13
0-Toc 367 £ 40 8.67
o-TQ 1209 + 71 8.58
y-TQ 104 £8 8.31
B-TQ 252 424 8.31
0-TQ 53+4 8.03
o-TQq 3331 £ 194 2.76
y-TQo 3017 £ 719 2.49
TMC40 524 +£70 2.13
TMC20 159 £ 10 3.15
Stig 0.0049 £+ 0.0004 4.01

“ Results were obtained using 75 uM dUQH,, 100 uM cyt ¢**, and 6
nM isolated cyt bc; complex. The partition coefficient (log Pow caica) Of
all compounds was calculated using the QSAR module of Hyperchem.
inhibition by y- and 6-TQ and TMC20, while other Toc-/
TQ-related compounds were less effective.

To elucidate the mechanism of inhibition, the most effective
low molecular weight compound TMC20 was selected for
further studies. In a first step, the catalytic properties of the cyt
be; complex in the presence of vehicle only (Figure 5, 0 uM
TMC20) were characterized by measuring the turnover rates

m 0pMIMC20
A 100 pM TMC20

1200 ¢ 300 uM TMC20
1000 -
A
.

0 T T T T T
0 10 20 30 40 50 60
dUQH5 [uM]

UQHo: cytochrome ¢+ oxidoreductase activity
[nmol/min/nmol cyt beq]

Figure 5. dUQH,:cyt ¢** oxidoreductase activity of isolated bovine
heart cyt bc; complex and its inhibition by TMC2O. Variation of the
dUQHy:cyt ¢** oxidoreductase activity with increasing dUQH, con-
centrations in the absence and in the presence of 100 uM and 300 uM
TMC20. Data points were fitted by a nonlinear model of the
Michaelis—Menten equation (eq 2) for determination of K, and v,,y.

for dUQH:cyt ¢** oxidoreductase activity with increasing
concentrations of dUQH,. Fitting activity data to the Michaelis—
Menten equation by nonlinear regression maximal turnover rates
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Figure 6. Reduction of cytochromes b (A—C) and ¢, (D—F) of isolated
bovine heart cyt bc; complex (2.4 uM) by dUQH, (63.5 uM) in the
absence (A and D) and presence of the inhibitors Stig (50 uM, B and
E) and TMC20 (250 uM, C and F) measured in a stopped-flow unit.
Each panel shows the absorbance trace with (+dUQH,) and without
(—dUQH,) substrate. The reduction states of b and ¢, cytochromes were
detected by the absorbance difference at 564 nm minus the absorbance
at 577 nm and the absorbance difference at 554 nm minus the
absorbance at 540 nm, respectively, and normalized on the total amount
of cyt reduced by dithionite.

of U= 1053 £ 46 nmol/min/nmol cyt bc; and a Michaelis—
Menten constant of K, = 0.58 £+ 0.12 uM dUQH, were
obtained. To assess the inhibition type of TMC20, analogous
measurements were done in the presence of 100 and 300 uM
concentrations of this compound (Figure 5). Calculation of v,y
for 100 and 300 uM TMC2O resulted in 821 £ 28 and 536 +
28 nmol/min/nmol cyt bcy, respectively. Assessment of K, for
100 and 300 uM TMC20 gave 0.53 £ 0.08 and 0.48 £ 0.10
uM dUQH,, respectively. Accordingly, the ratios /K, (given
in nmol/min/nmol cyt be,/uM) for 0, 100, and 300 uM TMC20
were 1791, 1526, and 1099, respectively. Therefore, the decrease
of vnma the decrease of the ratio vy,,/K,, and the almost
unchanged K, with increasing concentrations of TMC20
suggest a noncompetitive inhibition type.

The question whether TMC2O binds to the Q, pocket of the
cyt be; complex was studied by stopped-flow photometry on a
subsecond time scale (Figure 6). In this experiment, the
reduction of b and ¢, cytochromes by dUQH, was detected as
the difference of the absorbance at 564 nm minus the absorbance
at 577 nm and as the difference of the absorbance at 554 nm
minus the absorbance at 540 nm, respectively. Because of
different effects of inhibitors on the turbidity during the rapid
mixing, absorbance data of stopped-flow experiments were
normalized to the dithionite reducible amount of the respective
cytochromes within the individual experiment (100%). Nonin-
hibited reduction of cytochromes in the experiments achieved
first order rate constants of 40 & 7 s™! for cyt b and 15 3 57!
for cyt ¢, (Figure 6A,D). The rate constant for cyt b reduction
was already in the range of the detection limit of our stopped-
flow system around 40 s~!. In the presence of Stig, a drastically
decreased cyt ¢, reduction at a rate of 1.3 £ 0.3 s™! and a slightly
slower rate of cyt b reduction (17 4= 4 s™!) was observed (Figure
6B.E). These data confirmed the preferred binding of Stig at
the Q, pocket of the cyt bc; complex. The compound TMC20
did not strongly influence the cyt b reduction rate [26 4= 11 s~
(Figure 6C)] but suppressed cyt c; reduction (0.4 4= 0.1 s71,
Figure 6F). Dual wavelength stopped-flow experiments provide
accurate information on kinetic reaction parameters since first
order rate constants do not depend on the amplitude of

Figure 7. Visible spectra of isolated cyt bc; complex (3 uM) during
the reduction by 100 uM dUQH, in the absence of any inhibitor (A),
in the presence of 250 uM TMC20 (B), and in the presence of 50 uM
Stig (C) using a diode array photometer. Turbidity changes during the
reaction were corrected by subtracting a linear baseline adjusting the
absorbance at 540 and 578 nm to zero for each scan. After consecutive
scans were started in 0.2 s intervals, the reaction was initiated by adding
dUQH,. The scan at which the addition became visible by baseline
shift was set as the initial (0 s) spectrum, and three other spectra at 1,
2, and 3 s were displayed.

absorbance changes. However, to verify the influence of
turbidity changes on the amount of cyt reduction states after
3 s multiwavelength scans of the cyt bc; reduction followed by
baseline correction for turbidity changes in the absence and
presence of inhibitors after manual admixing of dUQH, were
performed. After baseline correction, the spectra shown in Figure
7 were obtained. In the absence of inhibitors, both rapid cyt b
(right peak) and cyt c¢; (left peak) reduction were observed
(Figure 7A). The reduction of cyt c; is delayed in the presence
of TMC20 (Figure 7B) and almost abolished if Stig (Figure
7C) was present. The amounts of cyt b reduction (Aseqnm —
As7som) after 3 s were 27, 28, and 28% of the dithionite reducible
portion for the control, TMC2O0, and Stig, respectively. The
reduction states of cyt ¢; (Assanm — Assonm) after the same time
were 53, 34, and 10% of the dithionite reducible portion for
the control, TMC20, and Stig, respectively. These data sug-
gested a minor influence of TMC20 and Stig on the cyt b redox
state, while Stig strongly and TMC20 moderately decreased
the extent of cyt ¢, reduction within this time scale.

To further characterize TMC20 binding to the cyt bc
complex, we studied the influence of this molecule on the
coordination of the Rieske iron—sulfur protein (ISP) in com-
parison with Stig. EPR signals of the Rieske FeS cluster from
isolated cyt bc; complex were observed at 20 K (Figure 8).
Oxidized cyt bc; complex gave no characteristic EPR signal
under these conditions. The baseline obtained from the oxidized
complex was subtracted from the subsequent recordings of
reduced cyt bc; complex. Upon incubation of the complex with
Asc, the characteristic anisotropic signal of the Rieske FeS center
became visible (Figure 8A) giving peaks at g, = 2.0288, g, =
1.8958, and g. =1.767 (Table 2). Repeating this experiment after
preincubation with Stig, a shift of the absorption lines g, by
—0.0041, g, by —0.009, and g, by +0.02 was observed (Figure
8C). For the chromanone compound TMC2O in the correspond-
ing experiment, shifts of g, by —0.0064, g, by +0.0001, and g,
by +0.03 were observed (Figure 8B). The observed spectral
changes in each case suggested a binding of the respective
molecules to the cyt bc; complex influencing the Rieske FeS
cluster.

To visualize possible interacting amino acid residues for
TMC20 within the bovine cyt bc; protein, the binding of this
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Figure 8. EPR spectrum of the Rieske iron—sulfur center of isolated
bovine heart cyt bc; complex and the influence of inhibitors. Low
temperature EPR spectra at 20 K were obtained from 37.8 uM cyt bc;
complex, 10 mM Asc, and 10 mM NaNj in buffer (250 mM sucrose,
50 mM potassium phosphate, and 0.2 mM EDTA, pH 7.2). For all
samples, the spectra were obtained by subtraction of the spectrum of
Asc-reduced cyt bc; complex minus a spectrum of the oxidized sample.
The reduced samples contained (A) Asc only, (B) Asc plus 500 uM
TMC20, and (C) Asc plus 100 uM Stig. g-Factors represent means =+
standard deviations of two independent cyt bc; samples and triplicate
EPR recordings.

Table 2. Shifts of the g-Factors g, g,, and g, of the Rieske
ISP of the Cyt be; Complex and the Influence of Inhibitors
Measured in This and Other Studies”

study cyt bc; complex g 8 g
Ding et al. (52) native reduced 2.026 1.893 1.765
+ Stig 0.0000  —0.0050 +0.0210
+ Myx +0.0080 +0.0010  +0.0050
Kessl et al. (53) native reduced 2.028 1.899 1.75
+ Stig —0.0020 —0.0110  +0.0300
+ ATQ +0.0060 —0.0110 +0.0100
this work native reduced 2.0288 1.8958 1.767
+ Stig —0.0041  —0.0090 +0.0200
+ TMC20 —0.0064  +0.0001  +0.0300

“For calculation of the shifts induced by inhibitors, the respective
native reduced cyt bc; complex of the study was always used.
molecule to the Q, pocket was analyzed by docking experiments
using the program Autodock (30—32). For this purpose, the
crystal structure 2A06 of dimeric bovine heart cyt bc; complex
deposited by Berry et al. (28) containing UQ-6 (UQg) and Stig
was used. The Q, binding pocket formed by cyt b subunit of
one monomer and the Rieske FeS cluster of the other monomer
were extracted, and a box for the ligand of 19 x 19 x 24 A3
was placed around the binding pocket. Likewise, bound Stig
was extracted from the crystal structure and edited to obtain a
molecule with proper bond orders and appropriate hydrogen
substitutions. Ligand molecules were optimized by the MM+
force fields, and docking was performed using Autodock’s
Lamarckian algorithm. Structures with the lowest binding
energies were extracted from the log files and graphically
arranged using Autodock Tools (29). The position of the ligand
molecule (TMC20, Figure 9B) and interacting amino acid
residues (ISP side with His-161; cyt b side with Glu-271)
obtained by docking experiments in comparison with the
redocked position of Stig (Figure 9A) in the crystal structure
were obtained.

Discussion

In mitochondria, Toc (mostly o-Toc) coexists with UQ and
the a-Toc oxidation product a-TQ (33). In addition, the presence

Chem. Res. Toxicol., Vol. 23, No. 1, 2010 199

Figure 9. Results of docking experiments to the Q, pocket of the crystal
structure 2A06 of dimeric cyt bc; complex from bovine heart for Stig
(A) and TMC20 (B). The pictures show the orientation of the molecules
within the binding pocket formed by cyt b (Glu-271) and the Rieske
iron—sulfur (His-161) subunit for the lowest energy conformation of
each molecule. The surface of the ligand molecule is colored by atom
type showing oxygen and polar hydrogen atoms in red and blue,
respectively. A part of the side chain of Stig is not visible due to the
front clipping plane.

of epoxy-hydroperoxy-tocopherones and epoxy-TQs in mito-
chondria after artificially induced lipid peroxidation has been
demonstrated (34). In the inner mitochondrial membrane of rat
liver mitochondria, the ratio of UQ:a-Toc:a-TQ is about 100:
10:0.5 (33). Therefore, the question arose whether Toc or TQ
derivatives in the inner mitochondrial membrane might have
functions beyond radical scavenging, such as interference in
UQ functions.

A few reports on the modulation of the cyt bc; function by
nonsubstrate molecules have been published in the past,
describing functional changes by well-known inhibitors (35, 36),
phospholipids (37, 38), nutritionally relevant compounds, such
as erucic acid and cholesterol (39), and vitamin E-related
compounds (/7). Recently, Cuddihy and co-workers demon-
strated that restoration of a-Toc and o-TQ modulates the release
of superoxide radicals from the cyt bc; complex in brain
mitochondria from vitamin E-deficient rats (/7). They proposed
a binding of a-Toc and o-TQ to the Q, pocket, which interfere
with the electron transfer at this site.

Because of the detectability of some of the tested compounds
in mammalian cells (o-Toc, o-TQ, y-Toc, and y-TQ), it is
evident that none of these structures inhibits the cyt bc; complex
as strongly as the potent inhibitor Stig does (Figure 4E and Table
1). Nevertheless, Stig and Toc/chromanone compounds share
some structural features (Figures 1 and 2). Therefore, the
question arose as to which structures in the tested compounds
favor a Stig-like inhibition (at the Q, site) of the cyt bc; complex.

In mitochondrial membranes, the potency of an inhibitor is
influenced by its affinity to the respective enzyme and its actual
concentration inside the membrane, which can be very different
from the bulk phase concentration. A usual parameter to
approximate the concentration ratio between the aqueous phase
and the lipid phase is the log Pow coefficient (Table 1). In
contrast, in the detergent-solubilized bc; complex, the enzyme
is homogenously dispersed in the aqueous phase, and no strong
enrichment of lipophilic compounds is expected. The membrane
concentration of native UQ-10 was approximated around 5—10
mM (40, 41).

In a previous study (33), we observed o-Toc concentrations
of up to 0.19 nmol/mg protein in mitoplasts from rat liver
mitochondria. Because the protein distribution in the matrix and
inner membrane of rat liver mitochondria is 68 and 22% (42),
the content of o-Toc in the inner membrane is about 0.76 nmol/
mg protein. Assuming that 1 mg of protein in the inner
mitochondrial membrane corresponds to 1 4L of lipid (41), the
a-Toc concentration is about 0.76 mM. Therefore, the ICs, for
o-Toc of about 1.7 mM (Table 1 and Figure 3A) is only about
twice as high as the physiological concentration. We thus
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expected that the physiological concentration of a-Toc has an
influence on dUQH,:cyt c*™ oxidoreductase activity of the cyt
bc; complex.

y-Toc, a minor component in mitochondrial membranes under
physiological conditions, exhibited ICs, values (Table 1 and
Figure 3C) about half that of a-Toc. Other Toc congeners
(B- and O-Toc) possess even lower ICsy values (Table 1 and
Figure 3E,G). It has been shown that a-TQ and a-TQ, can serve
as alternative substrates for the Q; site of the mitochondrial cyt
bc; complex (18, 33). On the other hand, a-TQH, and a-TQH,
are very poor substrates for the Q, site of this complex (18, 33).
This limited suitability as a substrate suggested that their
presence could retard UQ-mediated electron transfer at the cyt
bc; complex. Although o-TQ exhibits a slightly lower ICs, than
o-Toc, this may not suggest o-TQ as a strong inhibitor in vivo
since its concentration is 20—50 times lower than that of a-Toc.
This, however, does not exclude that a-TQH, might act as
inhibitor or that a-TQ/o-TQH, might modulate the formation
of reactive oxygen species at the cyt bc; complex as suggested
for rhodoquinol (43). The comparison of short chain analogues
(a-TQp and y-TQq, Table 1 and Figure 4A,B) to their lipophilic
counterparts (a-TQ and y-TQ, Table 1 and Figure 3B,D)
indicated that lipophilic structures partially enhance the inhibi-
tion strength. While for o-TQ vs o.-TQy the inhibition increase
is small, y-TQ is several magnitudes more effective than y-TQy;
an effect that cannot be explained only by different lipophilicity.
Docking studies for y-TQ, (data not shown) revealed that among
favorable binding poses, both orientations with the chromanol
6-OH (“head on”) toward His-161/Glu-271 and reverse orienta-
tions (6-OH oriented to the channel entrance) are possible.
Therefore, the additional lipophilic side chain in y-TQ vs y-TQ,
would favor the head on orientation, which could be a possible
explanation for the efficiency of y-TQ for cyt bc, inhibition at
the Q, site. In addition, a decreasing degree of methyl substitu-
tion increases inhibition by Toc and TQ compounds. This might
be an alternative explanation as to why a-Toc is retarded in
the organism in comparison with its congeners.

Furthermore, the question arises whether y-TQ due to its
Michael acceptor properties can attach to protein thiol groups
in the cyt bc; complex. While the incubation time in the cyt
bc, activity assay used in this study was too short to explore
this effect, Wong and Liebler (44) have shown that in cells
incubated over 24 h, a cyt ¢, precursor, which is required for
cyt be; function, is labeled by an N-ethylmaleimido derivative,
mimicking electrophilic quinones, such as y-TQ.

Although these considerations focus on the binding of these
molecules to the Q, site, an interaction of TQ and Toc
derivatives with the Q; site of the cyt bc; complex might also
be involved in the observed effects. For example, the reduction
of TQ to TQH, is preferably expected at the Q; site of the cyt
be; complex (/8). However, this does not necessarily mean that
inhibition by TQ can only occur at the Q; site, since in many
cases inhibiting molecules are not substrates of the respective
targets.

On the basis of the results of steady-state kinetic experiments,
which suggest that a methyl substitution at the chromane core
decreases inhibition (ICsy: a-Toc > y-Toc > -Toc > 6-Toc)
(Figure 3 and Table 1), chromanone compounds (TMC20 and
TMC40) were synthesized to explore whether chromanone
structures (Figures 2 and 4C,D and Table 1) further enhance
binding to the Q, pocket of the cyt bc; complex. Among Toc-
related compounds, TMC2O0 was suitable for further mechanistic
studies since (i) it was among the most effective inhibiting
compounds in the steady-state experiments (Figure 4D and Table

Miillebner et al.

1); (ii) it is moderately lipophilic and not prone to micelle
formation (40) as the strongly lipophilic Toc and TQ, allowing
effective binding to the isolated cyt bc; complex; and (iii)
chromanone structures were reported to possess bactericidal
properties and are, therefore, of general pharmacological interest
(45—48).

To assess the type of inhibition, the cyt bc; complex activity
was studied at different TMC20 and dUQH, concentrations
(Figure 5). The decreasing vm,, and the unchanged K, with
increasing TMC2O concentrations suggest a noncompetitive
inhibition. This is in contrast to Stig, which was shown to bind
competitively with UQ and UQH, to the cyt bc; complex (36).
Therefore, TMC2O0 is less efficient than Stig and exhibits a
slightly different binding behavior.

Presteady-state kinetic measurements (Figure 6) in the
stopped-flow system were technically limited to maximum
rates of about 40 s~!. The wavelength pairs chosen for
monitoring the reduction of cyt b by dUQH, about equally
report cyt by (absorbance maximum at 562 nm) and cyt by
(absorbance maximum at 566 nm), taking into account the
slit width of 2 nm. For cyt b reduction in the absence of
inhibitors, the rates (40 s™!) already achieved the technical
limit of the stopped-flow unit. However, actual cyt b reduction
rates triggered by dUQH, are expected to be considerably
higher as assessed from other kinetic experiments [~90 s~!,
yeast cyt bcy, 50 M menaquinol, conventional stopped-flow
(49); 270 s~!, bovine heart cyt bc;, photoreleasable dUQH,
(50)]. During this rapid phase, less than half of the dithionite-
reducible cyt b was reduced. The rapid phase in the
noninhibited complex was followed by a further slow
reduction phase with a rate of 1.59 £ 0.07 s™!. In general,
cyt ¢; reduction rates were reported to be slower [e.g., ~4
s7!, yeast cyt bc;, 50 uM menaquinol, conventional stopped-
flow (49); 60 s~!, bovine heart cyt bc;, photoreleasable
dUQH,; (50)] than cyt b reduction rates. This was also the
case in our experiments, which gave a reduction rate for cyt
c; of about 15 s™!. Therefore, observed experimental rates
depend on kinetic techniques, origin of cyt bc; complex,
artificial substrate, buffer composition, and substrate con-
centration. Rates observed in our experiments for the cyt b
reduction represent only a lower limit and are within the
expected range for cyt c¢; reduction. In spite of these
limitations, the stopped-flow system was sufficiently sensitive
to qualitatively characterize the influence of inhibitors and
TMC20 on the cyt bc; reduction by dUQH,. In the presence
of Stig, the cyt b reduction rate (17 & 4 s™!) was only slightly
slower than in the noninhibited complex (Figure 6). In
contrast, cyt ¢; reduction rate decreased to 1.3 & 0.3 s™/,
which is qualitatively in line with findings of Snyder and
Trumpower (57) for menaquinol and Stig. TMC20 required
a higher concentration than Stig to influence cyt reduction.
TMC20 at 250 uM efficiently delayed cyt c; reduction.
Spectra in the visible region obtained during cyt bc; reduction
suggest that both Stig and TMC20 have only a minor
influence on the final cyt b redox state (Figure 7).

The Rieske ISP of the cyt bc; complex exhibits in the reduced
state a characteristic EPR signal at low temperatures (<30 K)
at g-factors around 2.0, 1.9, and 1.8 and is influenced by
inhibitors. For Stig, myxothiazole (Myx), and atovaquone
(ATQ), the order of sensitivity was g, > g, > g. ~ 0, g, > g, >
g ~ 0, and g, > g, > g, respectively (52, 53) (Table 2, first
two sections). This suggests that the g, absorption line around
1.8 is most sensitive toward the presence of some inhibitors
(but not all). It has been proposed that the shift of the g, band
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and to a lesser extent of other bands as seen in the presence of
Stig (Figure 8C) is related to the H-bond strength between the
His-161 of the ISP and the inhibitor molecule or UQH, in the
cyt bc; complex (54). Because of analysis of crystal structures,
Glu-272 (Glu-271 in 2A06) as another interacting residue for
H-bond formation with substrate and inhibitors was proposed
(54). Our experiment reproduced the inhibitor influence by the
observation of shifts of the g, to higher and g, bands to lower
g-factors upon addition of Stig (Figure 8C vs A). In view of
the fact that Stig is a highly potent inhibitor, it was surprising
that although higher concentrations of TMC20O were required,
the latter compound did produce a spectral shift of the EPR
lines of the FeS in the ISP (Figure 8B). For TMC20, the
sensitivity order of g-factors was g, > g. > g, &~ 0 (Table 2).
This suggests that TMC20, although with lower affinity,
interacts with the ISP but possesses binding sites in the Q,
pocket similar but not identical to Stig.

By docking experiments, we intended to explore the effects
of the molecular similarity of Toc-derived compounds and Stig.
A structure of the cyt b subunit with a bound ISP from the
crystal structure 2A06 (28) was used as a receptor in our docking
experiments. The program in the rigid protein docking mode
reproduced the position of Stig in the crystal structure 2A06
(28) within a root-mean-square deviation (rmsd) from reference
structure of 0.832 A and the interaction of the chroman core of
Stig with Glu-271 and His-161 (Figure 9A).

For chroman-6-ols, docking experiments predicted conforma-
tions among the docking poses with the lowest energy, which
orient the 6-OH group toward Glu-271 and the 1-O toward the
His-161 residue. The lower steric shielding of 6-OH in -, y-,
and 0-Toc by the lack of methyl groups in comparison with
o-Toc might provide a rationale for their stronger binding (Table
1). Likewise, for TMC2O0, the orientation of the 6-OH group
toward Glu-271 was favored (Figure 9B). Nevertheless, these
data do not exclude that binding of lipophilic TQ/Toc congeners
to the Q; site is also involved in their inhibition of the cyt bc,
activity. While the qualitative results of docking experiments
are plausible, the quantitative docking approximations (predicted
inhibition constants, data not shown) were less favorable and
could not reproduce the order of inhibition strength over all
compounds.

Conclusions

The 6-hydroxy chroman structures of Toc-related and the
para-benzoquinone structure of TQ-related molecules can
modulate the function of the mitochondrial cyt bc; complex.
For both Toc and TQ, an incomplete methyl substitution
(8-, v-, and O-congeners) increases the inhibitory potential in
comparison with fully substituted o-congeners. This affinity can
be further enhanced by the introduction of keto groups into the
chroman ring, thus leading to chromanones. For TMC20, it was
shown that it binds to the Q, pocket of the cyt bc; complex and
delays the electron transfer from dUQH, to cyt c¢; in the
complex. This study demonstrated that the interaction of
chromanols and chromanones with the cyt bc; complex is not
an unspecific effect but is based on their pattern of polar vs
apolar structural motifs.
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