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Alternative quinone substrates and inhibitors of human electron-transfer
flavoprotein-ubiquinone oxidoreductase
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Electron-transfer flavoprotein (ETF)-ubiquinone (2,3-dimethoxy-
5-methyl-1,4-benzoquinone) oxidoreductase (ETF-QO) is a
membrane-bound iron—sulphur flavoprotein that participates in an
electron-transport pathway between eleven mitochondrial flavo-
protein dehydrogenases and the ubiquinone pool. ETF is the
intermediate electron carrier between the dehydrogenases and
ETF-QO. The steady-state kinetic constants of human ETF-
QO were determined with ubiquinone homologues and analogues
that contained saturated n-alkyl substituents at the 6 position.
These experiments show that optimal substrates contain a ten-
carbon-atom side chain, consistent with a preliminary crystal
structure that shows that only the first two of ten isoprene units of
co-enzyme Q,, (CoQ,) interact with the protein. Derivatives with
saturated alkyl side chains are very good substrates, indicating
that, unlike other ubiquinone oxidoreductases, there is little
preference for the methyl branches or rigidity of the CoQ side
chain. Few of the compounds that inhibit ubiquinone oxidoreduc-

tases inhibit ETF-QO. Compounds found to act as inhibitors
of ETF-QO include 2-n-heptyl-4-hydroxyquinoline N-oxide, a
naphthoquinone analogue, 2-(3-methylpentyl)-4,6-dinitrophenol
and pentachlorophenol. 2,5-Dibromo-3-methyl-6-isopropyl-p-
benzoquinone (DBMIB), which inhibits the mitochondrial bc,
complex and the chloroplast bsf complex in redox-dependent
fashion, can serve as an electron acceptor for human ETF-QO.
The observation of simple Michaelis—Menten kinetic patterns
and a single type of quinone-binding site, determined by fluor-
escence titrations of the protein with DBMIB and 6-(10-bromo-
decyl)ubiquinone, are consistent with one ubiquinone-binding site
per ETF-QO monomer.

Key words: acyl-CoA dehydrogenase, electron-transfer flavo-
protein, electron-transfer flavoprotein-ubiquinone oxidoreduct-
ase, naphthoquinone.

INTRODUCTION

Electron-transfer flavoprotein (ETF)-ubiquinone (2,3-dimethoxy-
5-methyl-1,4-benzoquinone) oxidoreductase (ETF-QO) is a mito-
chondrial enzyme that catalyses electron transfer from ETF to
co-enzyme Q (CoQ) in the mitochondrial respiratory chain. It is
an integral membrane protein (approx. 64 kDa) containing one
equivalent of FAD and a [4Fe—4S]*"!* cluster, and is one of
the simplest quinone oxidoreductases in the respiratory chain
[1-3]. The protein serves as the input site to the main respiratory
chain for reducing equivalents derived from the nine acyl-CoA
dehydrogenases and two N-methyl dehydrogenases [1-3]. Human
and porcine ETF-QOs appear to function as monomers, and only
a single equivalent of ubiquinone per monomer is observed in a
preliminary crystal structure of the porcine protein [4]. The
observation of a single type of ubiquinone-binding site is con-
sistent with the data of Watmough et al. [5] who studied
porcine ETF-QO. They investigated the binding of a brominated
alternative substrate, 6-(10-bromodecyl)ubiquinone, by fluori-
metric titration of the porcine protein. Several water-soluble
ubiquinone homologues have been investigated as substrates for
human ETF-QO [6]. The optimum side chain in the latter investi-
gation was determined to be ten carbon atoms, and the turnover of

human ETF-QO with the isoprenalogue, Q, (ubiquinone carrying
a side chain of two isoprene units at the 6 position), is similar to
that of decyl-ubiquinone that has an n-alkyl side chain. The K,
for Q, is somewhat less than the K, for the decyl analogue [6].
The three-dimensional structure shows that only the first two iso-
prene units of Q,, are bound to the protein, and the third to tenth
isoprene units remain in the membrane phase [4]. The question of
the intramolecular electron-transport pathway and the mechanism
of ubiquinone reduction are complicated by the preliminary three-
dimensional structure of Kim et al. [4]. Based on the oxidation—
reduction potentials of the FAD, iron—sulphur and ubiquinone, it
had been assumed that electrons from ETF enter ETF-QO through
the flavin (E,’ = + 28 mV, semiquinone/oxidized couple) and are
transferred to the cluster (£, = + 47 mV), which is the immediate
reductant of ubiquinone (£, &~ + 100 mV) [7]. However, the mini-
mum distance between the cluster and the 1,4-benzoquinone head
group is 19 A (1 A =0.1 nm), making it unlikely that the cluster
is the immediate reductant of ubiquinone [4]. In contrast, the
isoalloxazine—benzoquinone distance is 8.5 A, which would be
favourable for electron transfer [8]. In the investigations reported
in the present paper, we have focused on the ubiquinone site, using
alternative substrates and quinone analogues and inhibitors that
could serve as useful structural and mechanistic probes.

Abbreviations used: carboxin, 5,6-dihydro-2-methyl-1,4-oxathi-ine-3-carboxanilide; CoQ, co-enzyme Q; DBMIB, 2,5-dibromo-3-methyl-6-isopropyl-
p-benzoquinone; DTT, dithiothreitol; duroquinone, 2,3,5,6-tetramethyl-p-benzoquinone; ETF, electron-transfer flavoprotein; ETF-QO, ETF-ubiquinone
oxidoreductase; HNNQ, 2-hydroxy-3-n-nonyl-1,4-naphthoquinone; HOQNO, 2-n-heptyl-4-hydroxyquinoline N-oxide; IDNP, 2-isopropyl-4,6-dinitrophenol;
lapachol, 2-hydroxy-3-(3-methyl-2-butenyl)-1,4-naphthoquinone; MCAD, medium-chain acyl-CoA dehydrogenase; menadione, 2-methyl-1,4-naphtho-
quinone (vitamin Kz); MPDNP, 2-(3-methylpentyl)-4,6-dinitrophenol; PCP, 2,3,4,5,6-pentachlorophenol; pyridaben, 2-tert-butyl-5-(4-tert-butylbenzylthio)-
4-chloropyridazin-3(2H)-one; Q,, ubiquinone carrying a side chain of n isoprene units at the 6 position; ubiquinone, 2,3-dimethoxy-5-methyl-1,4-

benzoquinone.
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Figure 1  Structures of the quinone alternative substrates and inhibitors used in this investigation

EXPERIMENTAL
Materials

The quinone substrates, Q, (ubiquinone carrying a side chain of
one isoprene unit at the 6 position), Q,, duroquinone (2,3,5,6-
tetramethyl-p-benzoquinone), menadione [2-methyl-1,4-naphtho-
quinone (vitamin K3)] and the inhibitors, HOQNO (2-n-heptyl-
4-hydroxyquinoline N-oxide), DBMIB (2,5-dibromo-3-methyl-
6-isopropyl-p-benziquinone), antimycin A and rotenone were
purchased from Sigma Chemical Co. (St. Louis, MO, U.S.A.).
PCP (2,3.4,5,6-pentachlorophenol), atrazine [6-chloro-N-ethyl-
N’-(1-methylethyl)-1,3,5-triazine-2,4-diamine], lapachol [2-hy-
droxy-3-(3-methyl-2-butenyl)-1,4-naphthoquinone] and HNNQ
(2-hydroxy-3-n-nonyl-1,4-naphthoquinone) were from Aldrich
Chemical Co. (Milwaukee, WI, U.S.A.). Myxothiazole was
purchased from Fluka (Milwaukee, WI, U.S.A.). Carboxin (5,6-
dihydro-2-methyl-1,4-oxathi-ine-3-carboxanilide) was purchased
from Chem Service Inc. (West Chester, PA, U.S.A.). The 2-sub-
stituted-4,6-dinitrophenols, IDNP (2-isopropyl-4,6-dinitrophen-
ol) and MPDNP [2-(3-methylpentyl)-4,6-dinitrophenol], were
synthesized and generously given to us by Dr Hideto Miyoshi
(Department of Agricultural Chemistry, Kyoto University,
Kyoto, Japan). Pyridaben [2-tert-butyl-5-(4-tert-butylbenzylthio)-
4-chloropyridazin-3(2H)-one] was a gift from BASF Corporation
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(Research Triangle Park, NC, U.S.A.). Menaquinone-1 was a gift
from Eisai Co. (Tokyo, Japan). The ubiquinone analogues with
n-alkyl substitutions at the 6 position of the quinone ring were
gifts from Dr Bernard Trumpower (Department of Biochemistry,
Dartmouth Medical School, Hanover, NH, U.S.A.). The termi-
nally substituted analogues, 6-(10-hydroxydecyl)- and 6-(10-
bromodecyl)-ubiquinone, were synthesized as described by Yu
and Yu [9]. The structures of the quinone substrates and inhibitors
used in this work are shown in Figure 1.

Other chemicals were from commercial sources and were the
best grade available.

Purification of enzymes

Human ETF-QO was expressed in Sf9 cells using a baculovirus
vector and was purified as previously described [6] with a single
modification of the purification procedure. Chromatography on Q
Sepharose™ Fast Flow (5 x 5 ml) replaced the chromatography
step on hydroxyapatite Ultrogel. The Q Sepharose™ column
was equilibrated with 20 mM Tris/HCl buffer (pH 7.4) containing
24 mM B-n-octyl D-glucoside and 0.1 mM DTT (dithiothreitol).
The protein, dialysed against the same buffer, was loaded on
to the column, which was then washed with 125 ml of the
equilibration buffer. Human ETF-QO was eluted with a 200 ml
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linear gradient from 0.24 to 0.48 M KCl in 20 mM Tris/HCI
containing 24 mM B-n-octyl D-glucoside and 0.1 mM DTT.
Human ETF and human medium-chain acyl-CoA dehydrogenase
(MCAD) were expressed from pET vectors in Escherichia coli
and purified as previously described [10,11].

Enzyme assays

ETF-QO was assayed as a ubiquinone reductase in the reaction
mixtures containing 50 mM Hepes-K*, pH 7.4, 1 uM human
MCAD, 1uM human ETF, 100 uM octanoyl-CoA, 6 mM
CHAPS and 60 uM CoQ, at 25 °C. The reaction was initiated
by the addition of ETF-QO and monitored as the decrease in
absorbance at 275 nm (Agys =7.4 x 10° M~' -cm™") due to the
reduction of ubiquinone to the dihydroquinone [5,12].

Steady-state kinetics

When the steady-state kinetic constants for quinone reduction
were determined, concentrations of the human MCAD and human
ETF were increased to saturating concentrations (3 uM). All
quinone stocks were prepared in ethanol. The rates of quinone
reduction were calculated using the oxidized—reduced difference
molar absorption coefficients, which take into account the change
in absorbance in the region that results from the oxidation
of octanoyl-CoA to 2-octenoyl-CoA. These difference molar
absorption coefficients were determined as previously described
[5,12]. The following difference molar absorption coefficients
were used: Agy,=13.1mM™'.cm™! for duroquinone, and
A&y, =9.3mM™'.cm~! for menadione. The values of Ag,g
for the 6-(10-decyl)ubiquinone derivatives were as previously
reported [5] and a value of Agy;s=7.6 mM™' -cm™ was used
for the saturated 6-n-alkyl ubiquinone analogues.

Steady-state kinetic constants and their standard errors were
determined by non-linear least squares fit of the data to the
Michaelis—Menten equation using Origin 6.1 software (OriginLab
Corporation, Northampton, MA, U.S.A.).

Inhibition of ETF-Q0

Inhibition constants for selected inhibitors were determined
at fixed, varied concentrations of the inhibitors and varied
concentrations of Q, in the assay system described above. The
final concentration of ethanol or DMSO, the solvents for inhibitors
and for Q,, did not exceed 1 % (v/v) in the assays. The data were
analysed by non-linear least squares fits to equations describing
different inhibition models: uncompetitive [eqn (1)], non-
competitive [eqn (2)], competitive [eqn (3)] and hyperbolic mixed
type [eqn (4)] using Grafit 4.0 software (Erithacus Software,
Horley, Surrey, U.K.).
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In these equations, v is the initial velocity, v,,, is the maximal
velocity, K, is the Michaelis—Menten constant, K is the inhibition
constant, [S] is the substrate concentration, [I] is the inhibitor con-
centration, « is the factor by which K; or K, changes when
substrate or inhibitor is bound to the enzyme and 8 is the factor
by which the catalytic constant changes when inhibitor is bound
to the enzyme [13].

Fluorimetric determination of K

The K, of the DBMIB-ETF-QO complex was determined by
fluorimetric titration of the human enzyme with DBMIB at 25 °C.
Human ETF-QO in 0.8 ml of 100 mM Hepes buffer (pH 7.4)
containing 6 mM CHAPS was titrated with DBMIB. Binding
of DBMIB to human ETF-QO was detected as the decrease
in fluorescence emission intensity at 330 nm when excited at
280 nm. DBMIB was added from stock solutions in 40 % ethanol
and the final concentration of ethanol never exceeded 5 % in the
titration mixtures. This concentration had no effect on protein
fluorescence. Data were corrected for dilution, and for inner filter
effect. Correction for the inner filter effect due to DBMIB and
protein was made using the equation [14]:

Foon = Fovs - antilog[(Ae + Aen)/2]

where F, is the observed emission intensity of human ETF-QO
corrected for background, F ., is the emission intensity corrected
for inner filter effect, A., and A., are the absorbance of the
human ETF-QO and DBMIB mixtures at the excitation and
emission wavelengths respectively. The K, of DBMIB binding
was determined by non-linear fitting of the data to the ligand-
binding equation by Origin version 6.1 software:

x = n[DBMIB];../(K, + [DBMIB];..)

where x is fractional saturation of human ETF-QO. This
parameter was calculated from (F, — F)/(F, — F ), Where F, F
and F,,,, are the corrected fluorescence intensities of human ETF-
QO in the presence, absence and under saturating concentrations
of DBMIB, K is the dissociation constant and n is the maximal
saturation. [DBMIB];.. was calculated by:

[DBMIB]jee = [DBMIBJw — X - [ETF-QOJ o

where [DBMIB],.. is the total concentration of DBMIB in
the sample and [ETF-QO],, is the total concentration of hu-
man ETF-QO (both concentrations after correction for dilution)
[15].

Other methods

Anaerobic reduction of ETF-QO and ETF were carried out photo-
chemically in the presence of 5-deazaflavin at 4 °C as previously
described [16].

Protein concentration was determined by the Bradford method
with BSA as a standard [17]. The concentration of purified ETF-
QO was estimated by using €430 =24 x 10* M~ -cm™ [6].

RESULTS AND DISCUSSION
Alternative quinone substrates

Table 1 shows the steady-state kinetic constants of human ETF-
QO for Q,, Q, and several 6-alkyl derivatives of ubiquinone.
For reference, the table also shows kinetic constants for Q,
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Table 1
homologues and analogues

Steady-state kinetic constants of human ETF-Q0 with ubiquinone

Varied substrate ke (571) K (LM) Kea/Kin (UM~ 571
QO 345409 95407 36
Q, 68.7+1.8 69+05 100
Q" 365+13 148+14 2.4
Heptylubiguinone 540+13 82106 6.6
Nonylubiquinone 61.3+15 73407 8.4
Decylubiquinone 59.9+19 79409 75
Tridecylubiguinone 315+33 265+3.8 12
Pentadecylubiguinone 744032 23423 0.3
Bromodecylubiquinone 60.8+39 89+08 6.8
Hydroxydecylubiquinone 67.0+2.1 99+08 6.7
Duroquinone 181408 19.54+21 09
Menadione 66+04 16.3+19 04

* Taken from Simkovit et al. [6].

that were determined previously [6]. Q, is the optimal substrate
among readily available water-soluble analogues that have been
examined, as judged by the value of k.,/K,, in the present study
and a previous study [6]. There appears to be no strict requirement
for the methyl branch or the rigidity of the isoprene structure.
Rather, the binding of the side chain appears to be dependent
on the number of carbon atoms, with the optimum being a nine-
or ten-carbon-atom side chain. Substitution of the polar hydroxy
group or apolar bromine atom at C-10 of the decyl side chain
results in no significant change on binding or the turnover of the
enzyme. These substituents have about the same size as a methyl
group. When the number of carbon atoms in the n-alkyl chain
exceeds ten, the binding and turnover of the enzyme declines,
following the decline in activity with Q,. Although solubility
may be a problem with Q, [6], solubility does not appear to be a
problem with 6-tridecylubiquinone. Duroquinone and menadione
were also investigated as alternative substrates. Duroquinone
and the naphthoquinone, menadione (vitamin Kj;), are substrates
of ETF-QO. Since reduced menadione reacts with oxygen, the

0.15
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i-" \ te. §
¢ 012 |
. £
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g \ Zow
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steady-state kinetic experiments were conducted under anaerobic
conditions. The turnover numbers of ETF-QO with duroquinone
and menadione are 22% and 8 % respectively of that of Q,.
Neither of these quinones react directly with reduced ETF. This
is important for interpretation of the steady-state kinetic results
because ETF semiquinone, but not the dihydroquinone form of
ETF, is able to reduce ubiquinone directly [12]. Similarly, the
low potential, reduced naphthoquinones, menaquinol-1 (£, =
—74mV [18]) and lapachol (E,’= —155mV [19]), reduce
ETF directly. The decreased values of k., with duroquinone
and menadione probably result from the lower potentials £, =
+5mV and E,/’= — 13 mV respectively. The K,, values of the
alternative substrates are only 3- to 4-fold greater than that of
Q,. Therefore the quinone site of human ETF-QO is able to bind
naphthoquinones as well as benzoquinones as indicated by the
reduction of menadione. Also, the longer side chain is not ab-
solutely required since duroquinone functions as a substrate.

DBMIB is a ubiquinone analogue that is an inhibitor of the
chloroplast cytochrome b¢f and mitochondrial bc, complexes
[20-23]. It is redox-active and its inhibitory activity is dependent
on the redox poise of the complexes [24]. Although the poten-
tials are favourable, neither Q, (E,’~ +90mV) nor DBMIB
(Ey = 4+ 180 mV [25]) could be used as substrates because they
are reduced by both semiquinone and dihydroquinone oxidation
states of ETF (results not shown). ETF semiquinone is reoxidized
with a stoichiometry of approx. 0.41 mol of DBMIB per mol of
ETF flavin, and 1.14mol of DBMIB are reduced per mol
of ETF dihydroquinone. DBMIB can serve also as an electron
acceptor for human ETF-QO. Figure 2 shows an oxidative titration
of two-electron and three-electron reduced forms of ETF-QO
by DBMIB under anaerobic conditions. The reoxidation of two-
electron and three-electron reduced forms of ETF-QO by DBMIB
has a stoichiometry of 0.98 and 1.40 mol of DBMIB per mol of
ETF-QO respectively.

The binding of DBMIB to human ETF-QO could be monitored
by quenching of tryptophan fluorescence. Similar experiments
were carried out by Watmough et al. [5] with 6-(10-bromodecyl)-
ubiquinone. Analysis of the data shown in Figure 3 yields a K
of 0.23 +0.05 uM. By way of comparison, the binding constant
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Figure 2 Titration of two-electron reduced (A) and three-electron reduced (B) human ETF-QO with oxidized DBMIB under anaerobic conditions

The reaction mixtures contained human ETF-QO in 50 mM Hepes buffer, pH 7.4, 2 mM EDTA, 6 mM CHAPS, 1.25 .M 5-deazaflavin and 30 mM glucose. The cuvettes were sealed with silicone
rubber septa, evacuated and purged with argon; residual oxygen was removed by addition of glucose oxidase/catalase [6]. ETF-QO was reduced photochemically by illumination and the extent of
ETF-QO reduction was monitored spectrophotometrically. The reduced protein was then titrated with DBMIB dissolved in 40 % (v/v) ethanol containing 50 mM Hepes buffer and 6 mM CHAPS. The
curves of absorbance spectra in the main plot correspond to molar ratios of [DBMIB/[ETF-QQ] as follows: 0 (——), 0.5 (----) and 1 (------ ) (A);and 0 (—), 0.3 (----), 0.7 (------ ), 1(-+---)and
1.5 (----) (B). The insets show the increase in absorbance at 404 nm as a function of [DBMIB/[ETF-QQ]. The absorbance at 404 nm was obtained from the absorption spectra. Data were corrected

for dilution and some spectra are omitted for clarity.
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Figure 3 Fluorimetric titration of human ETF-Q0 with DBMIB

Oxidized human ETF-QO (0.6 +M) was titrated with DBMIB and the quenching of fluorescence
was determined as a function of DBMIB concentration at 25 ©C. The protein was excited at
280 nm and emission at 332 nm was monitored. Spectra were corrected for dilution and inner
filter effect.

for the 6-(10-bromodecyl)-ubiquinone analogue is 2.2 uM. These
K values are somewhat lower than the dissociation constants for
a range of ubiquinone homologues and inhibitors with the bc,
complex from beef heart [26].

The low potentials of the naphthoquinones, menaquinone and
lapachol, render them inactive as substrates for the reoxidation of
ETF-QO, and because these naphthoquinols reduce ETF directly,
it was not possible to monitor the reverse reaction, i.e. ETF
reduction catalysed by ETF-QO. However, both quinones reduce
ETF-QO stoichiometrically (Figure 4). Complete reduction by
menaquinol required 1.67 mol per mol of ETF-QO and full
reduction by lapachol required 1.52 mol per mol of ETF-QO.

The experiments with alternative quinone substrates of ETF-
QO demonstrate several important points regarding the quinone
site in the protein and its relationship to other binding sites
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in quinone oxidoreductases. The demonstration of simple
Michaelis—Menten steady-state kinetic patterns is consistent with
a single quinone-binding site in pig and human ETF-QO [5,6].
Furthermore, both mammalian proteins appear to have a single
type of quinone-binding site as judged by binding of two different
brominated alternative quinone substrates. These data are im-
portant because they appear to rule out a second quinone-binding
site at which a second quinone molecule could be reduced by the
iron—sulphur cluster. The cluster—quinone distance is 19 A 4],
which is greater than 14 A, the apparent upper limit for direct
electron transfer between centres [8]. These data indicate,
supporting previous data obtained with the porcine protein [5],
that there is a single type of ubiquinone site per molecule of
ETF-QO. ETF-QO has been shown to behave on non-denaturing
electrophoresis as a monomer [6]. It seems unlikely that a dimer
assembles to create a second quinone site. Finally, a preliminary
structure determined by X-ray crystallography shows a single
ubiquinone bound per monomer, and the compact structure of the
protein seems to preclude an extensive conformational change to
bring the cluster closer to the benzoquinone head group [4].
Comparing other quinone oxidoreductases with human ETF-
QO, Warncke et al. [27] investigated the binding of shorter-chain
ubiquinone homologues and corresponding 6-n-alkyl analogues
by the Q, and Qj sites of the photosynthetic reaction centre from
Rhodobacter sphaeroides. They showed that binding of the C-6
side chain is due primarily to the first two, and part of the third,
isoprene groups, and that, unlike ETF-QO, the reaction centre
exhibits a preference for the isoprene side chain over an n-alkyl
side chain. Like ETF-QO, only the first three isoprene units of
the quinone at the Q, site make contact with the subunit [27,28].
Isoprene units four to ten extend into a crevice between the M
and L subunits of the reaction centre. This previous work also
indicated that it is the benzoquinone ring that provides most of the
binding energy and suggested that the side chain is responsible for
positioning the benzoquinone ring properly for efficient electron
transfer in the reaction centre [27]. The quinone-binding sites in
Complex I, NADH-ubiquinone oxidoreductase, and the E. coli bo-
type ubiquinol oxidase have also been compared using ubiquinone
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Figure 4 Reductive titration of human ETF-Q0 with menaquinol-1 (A) and lapachol (B) under anaerobic conditions

The reaction mixture containing human ETF-QO (5.6 1«M) in 50 mM Hepes buffer, pH 7.4, containing 6 mM CHAPS and 30 mM glucose, was made anaerobic as described in the legend of Figure 1
and titrated with menaquinol-1 (MQ) (A) and lapachol (B). Stocks of 0.4 mM menaguinol-1 in 50 mM Hepes buffer, pH 7.4, containing 40 % ethanol and 6 mM CHAPS, and lapachol in 50 mM
Hepes buffer, pH 7.4, containing 6 mM CHAPS were prepared by titration with sodium borohydride under strictly anaerobic conditions. The end of the reductive titration of the naphthoguinones
was detected spectroscopically by measurement of the decrease in absorbance at 270 nm in the case of menaquinone-1 and at 278 (or 485) nm in case of lapachol. The reduced quinones were
maintained under argon. The curves of absorbance spectra in the main plot of both quinones correspond to molar ratios of [quinol]/[ETF-Q0] as follows: 0 (——), 0.5 (--=-), 1 (+++--+ ), and 1.5
(-e---- ). The insets show the decrease in absorbance at 404 nm as a function of the [quinol]/[ETF-QO] molar ratio. The absorbances at 404 nm in the inset correspond to the absorption spectra.

All spectra were corrected for dilution and some spectra are omitted for clarity.

© 2004 Biochemical Society
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Inhibition of ETF-Q0 by HOQNO (A) and MPDNP (B) with CoQ, as the varied substrate

The data were analysed by non-linear least squares fit to equations for competitive and non-competitive inhibition. The activity of ETF-QO was measured at following concentrations of HOQNO:
0 (), 25 (@),50 (A), 75 (V) and 100 () M, and MPDNP: 0 (C1), 1.5 (O), 3 (A), 6 (V) and 9 (<) M. The final concentration of ethanol did not exceed 1% (v/v) in the reactions.

analogues with variations in the side chain [29]. In Complex I,
there is a very strong, but not absolute, requirement for the first
methyl branch and the double bond in the first isoprene unit. In
contrast, only one of the double bonds in the first two isoprene
positions seems critical, and the enzyme does not discriminate
between analogues with a methyl branch in these two positions.
Finally, analysis of the donor ubiquinol site of Complex III using
synthetic ubiquinone derivatives with alkyl side chains at C-6
showed that the decyl derivative supported the highest turnover
[30]. The binding of shorter ubiquinone homologues and n-alkyl
analogues by the bc; complex is also similar to that found with
ETF-QO [26]. The binding constants for Q, and Q; (ubiquinone
carrying a side chain of three isoprene units at the 6 position) are
about 10 uM and 2 M respectively, and the binding constant for
decyl-ubiquinone is about the same as that of Q,, 6 uM [26]. In
the latter case, there seems to be no strong preference in the bc,
complex for the isoprene side chain.

The k., of ETF-QO for 6-decylubiquinone, the synthetic
derivate of CoQ with a ten-carbon-atom linear saturated alkyl
substituent at C-6, is 84 % of that measured for CoQ,, and the K,
for the decyl derivative is greater than the K, for CoQ,. This result
would suggest that the methyl substituent or the relative rigidity
of the isoprene is preferred in the binding site for the quinone
side chain. Overall, these studies indicate that the quinone site of
ETF-QO is similar with respect to the portion of the hydrocarbon
side chain required for tight binding of the quinone. However,
there seem to be differences with respect to the relative contribu-
tions of the isoprene side chain compared with an n-alkyl side
chain.

Quinone analogue inhibitors of ETF-Q0

Ubiquinone, plastoquinone and naphthoquinone analogues have
proven useful in investigations of Complexes I, II and III of
the respiratory chain and the quinone sites of the photosynthetic
reaction centre. A number of these analogues were screened for
their capacity to inhibit human ETF-QO at the K, concentration of
Q;, 12 uM, and 10 and 100 M inhibitor. Inhibitors of Complex

© 2004 Biochemical Society

I, including rotenone and pyridaben, had no effect on ETF-QO
activity, i.e. <20% inhibition at 100 uM with Q, present at
12 uM, the K, for this isoprenalogue [6]. No significant inhibition
was given by antimycin A, stigmatellin or myxothiazole, inhibi-
tors of Complex III, nor by carboxin, an inhibitor of Complex II.
No inhibition was observed with a triazine inhibitor of photo-
system II [31]. HOQNO, MPDNP and IDNP at 100 M inhibited
human ETF-QO by 62 %, 91 % and 33 % respectively. Inhibition
by HOQNO and MPDNP was investigated in further detail.
HOQNO, considered to be a naphthosemiquinone analogue [32—
34], inhibits ETF-QO competitively with respect to Q, with
K;=278+3.0uM (Figure 5A). This compares with K;=
25 uM for fumarate reduction by succinic dehydrogenase and
submicromolar K; for succinate oxidation and fumarate reduction
by menaquinol-fumarate oxidoreductase; both of the latter
enzymes are inhibited non-competitively [35]. The level of inhib-
ition by HNNQ was significantly less (33 %) in the preliminary
experiments in which the concentration of Q, was 12 uM and the
concentration of HNNQ was 100 uM. This suggests a narrow
specificity for the alkyl side chain of these naphthoquinone
analogues. Based on recent crystallographic studies of quinol-
fumarate reductase, HOQNO and 2-[1-(p-chlorophenyl)ethyl]-
4,6-dinitrophenol, block binding of menaquinone at the Qpg
near the [3Fe—4S] cluster [36]. Both the competitive inhibition by
HOQNO and the capacity to utilize menadione as an alternative
substrate indicate that the quinone site of human ETF-QO can
also accommodate naphthoquinones. Also, since the protein binds
DBMIB, the data suggest that the protein must have a rather plastic
site for binding the quinone head group.

MPDNP inhibited ETF-QO non-competitively with K; =4.6 +
0.3 uM (Figure 5B). Although not investigated in detail, MPDNP
also inhibits menadione reduction. The ICs, is 8 uM in the
presence of 20 uM menadione, and inhibition of menadione re-
duction is non-competitive with K; & 20 uM. 2-Substituted alkyl
dinitrophenols have been characterized as inhibitors of quinone
oxidoreductases in mitochondria and of photosystem II [37-39].
Inhibition by specific dinitrophenols of different quinone oxido-
reductases has been related to the hydrophobicity of the side chain
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Figure 6 Inhibition of ETF-Q0 by PCP with CoQ, as the varied substrate

ETF-QO activity was determined in the presence of following concentrations of PCP: 0 (H),
3(0), 7.5 (@) and 20 (O) M. The final concentration of ethanol did not exceed 1% (v/v) in
the mixture.

at C-2 [40]. Based on the hydrophobicity index for 2-alkyl-4,6-
dinitrophenol derivatives, the side chain of MPDNP is approx.
2-fold more hydrophobic than that of the 2-isopropyl derivatives
that are relatively poor inhibitors [37]. A preliminary crystal-
lographic study of pig ETF-QO [4], which is very similar to the
human protein [41], suggests that the entrance to the ubiquinone
site is buried in one hydrophobic side of the bilayer membrane that
probably requires a hydrophobic entrance to the site. However,
perhaps of greater significance is the fact that, based on molecular
orbital calculations [37], the a-methyl substitution of IDNP
orientates the three-carbon-atom side chain almost perpendicular
to the phenol ring. This is not the case with MPDNP, in which the
methyl substitution is 8 to the phenolic ring, greatly decreasing
the interaction with the phenolic hydroxyl.

Pentachlorophenol is a simple non-competitive inhibitor of suc-
cinate-ubiquinone oxidoreductase and quinol-fumarate reductase
with K; values between 20 and 40 M [35,40]. At 10 and 100 uM,
ETF-QO activity was reduced by 44 and 89 % respectively, when
assayed under the standard conditions described above. Inhibition
of ETF-QO with varied Q, and PCP as the fixed, varied inhibi-
tor was best-fitted to the equation describing mixed hyperbolic
inhibition (Figure 6). In this analysis, K; is 7.7 £ 2.6 uM, and the
values of the constants, « and 8, are 0.61 + 0.23 and 0.20 4+ 0.05,
respectively. Therefore inhibition of human ETF-QO by PCP is
more complex than inhibition by the other inhibitors described in
the present paper, and more complex than PCP inhibition of other
quinone oxidoreductases [35], because the inhibition may affect
K, K;, and k., [13].

Conclusions

The experiments of the present study support the contention that
there is one quinone-binding site per ETF-QO monomer. This
conclusion is based on observations of a single type of ubiqui-
none binding in the porcine and human ETF-QOs, the determi-
nation of simple steady-state kinetic patterns with a variety of
ubiquinone homologues and analogues, the demonstration that
the protein migrates as a monomer on non-denaturing gel electro-
phoresis [6], and a preliminary crystal structure that shows one
equivalent of ubiquinone bound per monomer [4]. The ability
to bind the quinone substrates, evaluated from the steady-state

kinetic data, is correlated with the interaction of side chain with
the protein that includes only the first two isoprene groups. The
substrate-specificity observed with ubiquinone derivatives with
isoprene and n-alkyl side chains and the susceptibility to known
inhibitors of quinone oxidoreductases is consistent with the idea
that the quinone sites in this group of proteins are very dif-
ferent, but similar in that shorter-chain homologues usually bind
more tightly than those with longer side chains. The role of the
2-methyl branch and the double bond of the isoprene are usually
confined to the first two isoprene groups, which probably orient
the benzoquinone head group. The fact that CoQ,, is the
physiologically relevant quinone in mitochondria probably
reflects the requirement for ubiquinone to function as a mobile
electron carrier in the biological membranes and, as Warncke
etal. [26] point out, to prevent interference of quinone function
by amphiphilic species present in native membranes. Overall, the
strongest relationship between substrate structure and the catalytic
efficiency of the enzyme, k., /K, is between the chain length of
the substitution at the 6-position of the 1,4-benzoquinone and the
structure of the binary complex that shows that only two isoprene
units of the quinone actually interact with the protein [4]. Also, the
specificity for binding most quinone inhibitors/toxins is extremely
narrow. For the greatest part, the classical inhibitors of other
quinone oxidoreductases do not inhibit ETF-QO. However, the
2-alkyl nitrophenol group of inhibitors initially demonstrated by
Miyoshi and colleagues [37,38,42] as probes for quinone-binding
sites may prove to be useful as specific inhibitors of ETF-QO
given the limited results presented in the present paper. Since
the three-dimensional structure should be available [4], it may be
possible to design specific 2-nitrophenol inhibitors for ETF-QO.
Finally, these experiments will support on-going investigations
with site-directed mutations in the quinone-binding site of this
iron—sulphur flavoprotein.
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