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Abstract

Coenzyme Qqg (which is also designated as CoQ1g, ubiquinone-10, UQ1g, CoQ, UQ or simply as
Q) plays an important role in energy metabolism. For NADH-Q oxidoreductase (complex I), Ohnishi
and Salerno proposed a hypothesis that the proton pump is operated by the redox-driven
conformational change of a Q-binding protein, and that the bound form of semiquinone (SQ) serves
as its gate [FEBS Letters 579 (2005) 45-55]. This was based on the following experimental results:

(i) EPR signals of the fast-relaxing SQ anion (designated as Q) are observable only in the presence
of the proton electrochemical potential ( Ax!); (ii) iron-sulfur cluster N2 and Q; are directly spin-
coupled; and (iii) their center-to-center distance was calculated as 12A, but Q isonly 5A deeper
than N2 perpendicularly to the membrane. After the priming reduction of Q to Q_,, the proton pump
operates only in the steps between the semiquinone anion ( Q) and fully reduced quinone (QHy).
Thus, by cycling twice for one NADH molecule, the pump transports 4H* per 2e™.

This hypothesis predicts the following phenomena: (a) Coupled with the piericidin A sensitive
NADH-DBQ or Q; reductase reaction, A,u; would be established; (b) A,u; would enhance the SQ
EPR signals; and (c) the dissipation of Ax,; with the addition of an uncoupler would increase the rate
of NADH oxidation and decrease the SQ signals.

We reconstituted bovine heart complex I, which was prepared at Yoshikawa’s laboratory, into
proteoliposomes. Using this system, we succeeded in demonstrating that all of these phenomena
actually took place. We believe that these results strongly support our hypothesis.
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1. Introduction

NADH-Q oxidoreductase (complex 1) is one of energy transducing enzyme complexes in the
mitochondrial respiratory chain. It is located at the entry point of electrons from NADH, and
catalyses the following reaction:

NADH+H++Q+4H: o NAD++QH2+4H;r

where Q stands for coenzyme Q1o (CoQ1g or ubiquinone-10) [1,33]. In this exergonic redox
reaction, the transfer of 2 electrons from one molecule of NADH to Q is coupled to the
translocation of 4 protons from the negative side (abbreviated as N-side) to the positive side
(P-side) of the mitochondrial inner membrane [6,32]. Complex I is the largest energy
transducing complex (Molecular weight is ~1 megadalton [7], composed of 45 subunits [3]
and contains 1 non-covalently bound FMN, and 8 or 9 iron-sulfur (Fe/S) clusters [19]. Recently
the first atomic structure at 3.3A resolution of the peripheral arm (hydrophilic domain) from
Thermus thermophilus HB-8 complex | was determined by Sazanov and Hinchliffe [27] (See
Fig. 1). These authors revealed the presence of a long electron transfer pathway of NADH —
FMN — N3 — N1b — N4 — N5 — N6a — N6b — N2 — Q which is composed of one FMN and 7
Fe/S clusters. It stretches to a total of ~95A with individual clusters having an edge-to-edge
distance of < 14A [12]. It is likely to be the main route for the electron transfer within complex
I [28]. These authors also proposed a possible role of cluster N1a as an anti-oxidant. N1a has,
in general, a very low redox midpoint potential (Ep7.0 = —370 mV) [19], and its edge-to-edge
distance to FMN is 12.3A and that to the closest iron-sulfur cluster N3 is 19.4A. Therefore,
N1la seems to play a role as a temporary electron reservoir. Cluster N7 was found only in a
limited number of bacteria (which include Thermus thermophilus and Escherichia coli) [13,
14], and too far from all other clusters (> 20.5A). Thus, N7 is located away from the main
electron transfer chain [27]. This cluster was reported not being reducible with NADH, and
perhaps, it plays a role in stabilizing the complex | molecule [24]. The highest potential cluster
N2 is only 8A from the surface of the isolated hydrophilic arm, and is partly exposed to an
elongated cavity which is probably the binding site for ubiquinone (which corresponds to
Qnis as will be described below). These results are in good agreement with our predictions of
N2 « Qs distance of 12A based on our spin-spin interaction analysis [35].

Mitchell identified ubiquinone as one of the key redox components involved in the coupling
of electron transfer to vectorial proton translocation in his original formulation of the
chemiosmaotic hypothesis [10,11]. Many of the membrane-bound protein complexes in the
respiratory and photosynthetic systems are known to react with quinone. X-ray crystallographic
information clearly confirmed the general functional roles of quinones, for example, at the
Qo and Q; sites of mitochondrial complex 111 [4,8] as well as at the Qa and Qg sites of the
bacterial photosynthetic reaction center [23,36]. Various research groups detected protein-
bound forms of quinone species by their semiquinone signals using EPR spectroscopy.

Early in 1983, Suzuki and King detected SQ signals in NADH-reduced isolated bovine heart
complex I using a high frequency Q-band EPR (34 GHz) [29]. These authors showed that the
SQ signals would be derived from protein-bound species as judged from their anisotropic line
shape with gz x = 2.0060, 2.0051, 2.0022. They also resolved spectra into two distinct SQ
species based on their different sensitivity to rotenone and sulfhydryl reagent, but both species
had extremely slow spin relaxation (the signals were detectable even at 23°C). Subsequently
in 1989, Vinogradov’s group discovered the presence of extremely fast-relaxing SQ signals in
the complex | segment of the respiratory chain in the tightly coupled bovine heart
submitochondrial particles (SMP). This SQ species was found to be uncoupler- and rotenone-
sensitive. These investigators suggested a possible spin-spin interaction between SQ and
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cluster N2 [2]. Our following collaborative studies [9,30] revealed the existence of two distinct
protein-bound SQ species. They can be distinguished as fast relaxing SQn¢ (Py;2 > 150 mW at
40 K) and slow relaxing SQns (Py;2 = 1 ~ 10 mW at 40 K) species. These SQ species also differ
in their sensitivity to both uncouplers and rotenone, which suggested that their locations and
functional roles are different from each other. It was proposed that SQys is involved in the
proton pumping (as described below) while SQys functions as a converter between one and
two electron transfer pathways in complex | [20]. Both SQn+ and SQps Species were shown to
be anionic forms at a pH close to neutral [34].

Because of the 33 gauss splitting of the g, peak of cluster N2 and very fast spin relaxation of
the Q;, the spin-coupling between SQy+ and N2 was suggested. However, without
crystallographic information, experimental proof for their direct spin-spin interaction could
not be obtained for some time. A detailed profile of SQy¢ spectra was obtained as the difference
between coupled and uncoupled submitochondrial particles under the aerobic steady state with
added NADH. Finally, we detected a 56 gauss splitting of the g = 2.004 SQps sighal < 25 K
(Fig. 2B) [35] in addition to the 33 gauss splitting of the g/, = 2.05 peak of cluster N2 observed
<16 K (Fig. 2A) [9,30]. We analyzed these spin-spin interaction spectra with a computer
simulation program which includes contribution from both exchange and dipolar-couplings as
well as the g-strain effect. We arrived at the following conclusions: (i) cluster N2 and SQus
are directly spin-coupled, and their center-to-center distance was calculated to be 12A; (ii) The
vector connecting cluster N2 and SQp is close to the membrane plane direction, and SQs is
located only 5A deeper than N2 in the membrane normal direction [17,35].

All of these results indicated that SQ is directly involved in the energy coupling mechanism
in complex I, but this mechanism could not be readily explained by the classic Mitchell’s
chemiosmotic loop mechanism [10,11]. Thus, Ohnishi and Salerno proposed a novel complex
| proton-pump mechanism [17]. In this hypothesis, the equilibrium between two
conformational states of the Qn¢-binding protein is uniquely dependent on the

Aw,: (Au, =Ay — zApH). Since ApH < 0.5 in the respiring mitochondria, the membrane potential

(Ay) is the dominant component of Ax,; [16]. Therefore we focused only on Ay for the
simplicity of the model. The physical shift between the two conformational states changes the
thermodynamic stability of SQuy, thereby gating the proton pump. This proton pump is
connected to the positive side of the membrane via a proton-well, as originally proposed by
Mitchell [11].

A simpler expression of “cubic model” for the proton pump in cytochrome ¢ oxidase [31] and
our conceptually-related “open-box model” of complex | proton pump [17] are shown side by
side in Fig. 3(A) and (B). The latter was developed as reported [18,21,22], independent from
the cytochrome ¢ oxidase model. Since there is no proton carrier such as Q in cytochrome c
oxidase, it has 2 redox states (oxidized and reduced) the redox-cofactor (electron carrier) is
linked with a proton accepting pump-site (L). In our model for complex I, the redox component
(quinone) functions simultaneously as an electron and proton carrier. The SQ stability responds
critically to the transmembrane Ay, thereby playing a role as a gating component for the proton
pump in complex I. In Fig. 3B, the “A state” represents the input-state conformation, where
electrons equilibrate with the low potential side of the coupling site and protons equilibrate
with the N-side of the membrane. The “B state” signifies the output-state conformation, where
electrons equilibrate with the high potential Q-pool (via Qns) and protons equilibrate with the
P-side of the membrane via a proton well.

In the priming step of this pump, Q is reduced to Q. by cluster N2, and Q, serves as a “gate”

as well as a carrier for the pump. It accepts one electron from the low potential side and 2
protons from the N-side, becoming AQH,. Then a comformational change occurs and AQH,
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is converted to BQH,, which is the reduced output state. Then, it releases 2 protons to the P
side via the proton well, and donates 1 electron to Q-pool via Qns (Whichisan=1—-n=2

converter). Our experimental data indicated that the EPR signal of AQ, in the presence of
Ay is larger than that of BQ_. The latter does not accumulate during turnover, and BQ returns

directly to AQ_;, without going through the BQ and AQ states. The return process to the A state
must be rather fast. Subsequent cyclic processes involve only 2 redox states, semiquinone

( Q) and fully-reduced quinone (QH,) states of the Qs species via QnsH- and QngH™. They
both carry electrons and protons in both the input state A and the output state B (they follow
along the route shown by thick arrows). For the oxidation of one molecule of NADH, this cycle
turns twice for one NADH molecule (2 electron substrate), 4 protons are vectorially transported
by the 2 cycles in this “open-box model”. In both cytochrome ¢ oxidase and complex | systems,
thick arrows denote a possible route of redox-linked proton translocation. More detailed
mechanism is discussed in [17].

A key assumption in this hypothesis is that the SQ state is stabilized in the presence of Ay.
Using purified bovine heart complex | prepared at Yoshikawa’s laboratory [15], and preparing
tightly coupled reconstituted proteoliposomes from phospholipids, we tested this hypothesis.
We wanted to confirm that (i) an inside-positive membrane potential (Ay), is created by
electron transfer from NADH to Q, (ii) it would induce stabilization of the SQ EPR signals,
and (iii) an uncoupler would diminish the signal.

2. Materials and methods

2.1. Chemicals

DiBAC,(5) (bis-(1, 3-dibutylbarbituric acid) pentamethine oxonol) was purchased from
Molecular Probes (Eugene, OR). Sodium cholate and Calbiosorb™ Adsorbent were bought
from Calbiochem (La Jolla, CA). All phospholipids were obtained from Avanti Polar Lipids
(Alabaster, AL). All other chemicals were purchased from Sigma-Aldrich (St. Louis, MO).

2.2. Purification of complex |

In brief: A mitochondrial preparation was obtained from 1.1 Kg of minced bovine heart muscle.
It was homogenized at 11,000 rpm for 5 min in 6 liter of 20 mM sodium phosphate buffer (pH
7.4) using a large scale blender (Nihon Seiki Kaisha Ltd. Japan) followed by centrifugation at
2,230 x g for 20 min. The supernatant was centrifuged at 18,480 x g for 30 minutes. The
precipitate was suspended in 40 mM HEPES buffer (pH 7.8) containing 300 mM sucrose. The
mitochondrial preparation (21 mg/ml) was solubilized with deoxycholate. The solubilized
fraction (the supernatant obtained by centrifugation of the solubilized mitochondrial
preparation) was subjected to density gradient centrifugation (40,000 rpm for 12 hours). The
complex | fraction was further purified by Poros 20 HQ chromatography. The purified fraction
was dialyzed against 40 mM HEPES (pH 7.8) containing 300 mM sucrose.

2.3. Preparation of proteoliposomes

We used a cholate-dialysis method developed by Ragan et al. [25,26] with a slight modification.
Octylglucoside, which was used for the reconstitution of proteoliposomes of Yarrowia
lipolytica complex I [5], could not be used because it denatured bovine heart complex |
(Yoshikawa et al. unpublished result). We evaporated a total of 100 mg of phospholipids
(phosphatidylcholine 75%, phosphatidylethanolamine 20% and cardiolipin 5%; all in
chloroform) and suspended it with a 10 ml buffer solution containing 2.5% sodium cholate,
15 mM NaySO4 and 5 mM HEPES (pH 7.5). After sonicating for a few minutes in a bath
sonifier (until the suspension became clear), 2 mg bovine heart complex | was added. Then we
dialyzed the mixture at 4°C to remove cholate with a 2 liter dialysis solution (15 mM
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Nap,SOy4, and 5 mM HEPES; pH 7.5). After several hours, we exchanged the dialysis solution,
and added 50 ml of the Calbiosorb™ Adsorbent suspension to the 2 liter dialysis solution (to
facilitate the removal of cholate) and dialyzed it overnight. We could tell whether cholate was
removed or not by shaking the dialysis solution. When it was removed, the dialysis solution
did not form soapy bubbles.

2.4. Measurement of membrane potential

A fluorescent dye, DiBACA4(5), which is sensitive to the membrane potential was used at 2
4M concentration. A Hitachi/Perkin-Elmer fluorescence spectrophotometer Model 650 was
used with the excitation at 595 nm and emission at 615 nm. When the membrane potential was
established, the fluorescence increased, but when the potential was dissipated, the fluorescence
decreased.

2.5. Assay for NADH oxidation and the measurement of respiratory control

The experiments were performed in a 1 ml cuvette which was placed in a Hitachi Model 557
dual-beam spectrophotometer (with a built-in magnetic stirring device) set at the two
wavelength mode (340-420 nm) for assaying NADH oxidation. Temperature was kept at 30
+ 0.1°C by circulating water from a thermostatic water bath. First, proteoliposomes and 100
4M decylubiquinone (DBQ) or Q; were mixed in the cuvette. Then, 50 xM NADH was added
and the decrease in NADH concentration was monitored. The activity of NADH oxidation was
determined from the slope of the recording. Then, the uncoupler (CCCP) was added. From the
ratio between the slopes after and before the CCCP addition, the “respiratory control” ratio
was calculated.

2.6. EPR samples for SQ signal measurement in the presence of the NADH-induced
membrane potential

We added 0.3 ml of proteoliposome suspension to a EPR quartz tube (O.D. diameter 4 mm).
First, the electron accepter (final concentration of 400 «M Q1) was added and the mixture was
incubated for 2 minutes at 20°C. Then, 200 M NADH was added. After 30 seconds, the tube
was frozen with a 2-methylbutane solution cooled in dry ice.

2.7. EPR measurements

Semiquinone EPR signals were recorded by Bruker EMXmicro spectrometer (X-band; 9.44
GHz). The cavity temperature was kept at 180K using a nitrogen flow cryostat. Other EPR
conditions: microwave power, 2 mW; scanning range, 100 gauss, modulation amplitude, 6
gauss; conversion time and time constant, 81.92 ms. Semiquinone signals were detected at
around g = 2.004 with a peak-to-peak linewidth of 7.4 gauss.

3. Results and discussion

3.1. Measurements of NADH oxidation and uncoupling by CCCP

Figure 4(A) shows NADH oxidation by proteoliposomes in the presence of DBQ (an analogue
of coenzyme Q1q). Since coenzyme Qg is insoluble in aqueous solution, we used its analogue
for in vitro experiments. The respiration was enhanced 5.8 times by the addition of an uncoupler
(0.3 uM CCCP). This indicates that electron transfer and proton transport was tightly coupled,
and therefore, when uncoupled by CCCP, the rate of electron transfer was increased. In analogy
with the mitochondrial respiratory control, this ratio may be regarded as the “Respiratory
Control” ratio. The uncoupled respiration was inhibited by 0.5 uM piericidin A by 99%. These
results demonstrated that in our reconstituted proteoliposomes, electron transfer and proton
transport are tightly coupled, and in that respect, the system is similar to mitochondria or
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coupled submitochondrial particles. The tightly coupled proteoliposomes would serve as an
excellent model system to study the function and mechanism of complex I.

3.2. Formation of membrane potential was detected by a potential-sensitive dye

Figure 4(B) shows that the membrane potential formation by the electron transport from NADH
to DBQ was detected by a fluorescent dye, DiBAC4(5). As shown in the figure, the potential
was dissipated by the addition of the uncoupler, CCCP. These results confirmed that the inside-
positive membrane potential was formed by the inward translocation of protons coupled with
NADH oxidation. The efficacy of CCCP in destroying the membrane potential was clearly
demonstrated.

3.3. Comparison between DBQ andQ

Table 1 shows differences between DBQ and Q1 as electron acceptors. Although Q1 was found
to be a good electron acceptor, DBQ was slightly better than Q; in that the former provided a
higher rate of NADH oxidation and a higher respiratory control ratio with CCCP. The degree
of inhibition by piericidin A was also higher with DBQ. However, we found that the size of
SQ EPR signals in the proteoliposome system was greater with Q; than with DBQ (almost
doubled; data not shown). Therefore, for the following EPR study, we used Q1.

3.4. Ay dependent enhancement of semiquinone EPR signals during the NADH-induced

respiration

Figure 5 shows experiments with 200 xM NADH and 400 uM Q;. The black trace indicates
the experiment without uncoupler (CCCP), and the red trace the experiment with 30 uM CCCP.
The semiquinone EPR signal was the result of NADH oxidation by Q4. The result also showed
that with the addition of CCCP, the SQ signal decreased by about 60%.

4. Conclusions

Our proteoliposomes could build up an inside-positive membrane potential coupled with
NADH — DBQ electron transport as evidenced by the measurement with a membrane potential
dye, DIBAC4(5). The tightness of the coupling was shown by a high “Respiratory Control”
ratio of 5.8. The formation of the semiquinone signals during steady state electron transfer
from NADH to Q were detected by EPR measurement at 180 K. When the membrane potential
was destroyed with the uncoupler (CCCP), the SQ signals were decreased. These data strongly
support the reaction mechanism proposed by Ohnishi and Salerno, in which the SQ state would
be stabilized by an inside-positive membrane potential [17]. It is of special note that each step
of this hypothetical mechanism can be experimentally tested. We are currently conducting
thermodynamic studies of the bound Q species in this model system. To further refine this
hypothesis, crystallographic structural information of the whole complex | is needed.
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Fig. 1.

Architecture of the hydrophilic domain of Thermus thermophilus HB-8 NADH-Q
oxidoreductase (complex I). A, side view, possible quinone binding site (Q) is indicated by an
arrow. B, arrangement of redox centers, (by Sazanov and Hinchliffe (2006) Science 311, 1430).
Location of the protein-bound Qpg (which is shown here in reference to cluster N2) was
calculated based on our spin-spin interaction data [35].
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Fig. 2.
(A) The 33 gauss splitting of the gy, = 2.05 signal of cluster N2 [9] and (B) the 56 gauss splitting
of the gy y,, = 2.004 signal of the protein-bound Qg [35].
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Fig 3.

(A) Simple cubic model of the proton pump in cytochrome c oxidase (2 redox states of the
gating component; oxidized and reduced state) and (B) Open box model of complex I (3 redox
states; oxidized, intermediate (SQ), and fully reduced state).
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(A) The measurement of NADH oxidation (340-420nm). Proteoliposomes (containing 0.003
mg complex | and 0.15 mg phospholipids) were suspended in an 1 ml buffer solution (15 mM
NaySOy, and 5 mM HEPES; pH 7.5) and the suspension was incubated with 100 uM DBQ for
3 minutes. Concentrations of added substances: 50 uM NADH, 0.4 uM CCCP, and 0.5 uM
piericidin A (Pie. A). Temperature: 30°C. (B) Fluorescence measurement (excitation 595 nm,
emission 615 nm) of the formation of an inside-positive membrane potential with electron
transport. The potential was formed with the addition of 2 M NADH, but it was destroyed by
1 uM gCCCP. The suspension contained 0.003 mg complex I/ml, 2 uM DBQ, 2uM DiBAC,,
(5), 15mM NaySO4, and 5 mM HEPES (pH 7.5). Temperature:; 25°C.
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Fig. 5.

EPR signals of SQ in the steady state of complex | proteoliposomes (1.4 mg complex I/ml).
EPR spectra were recorded at the sample temperature of 180 K. The black trace shows the SQ
signal in the coupled state and the red trace in the uncoupled state (+30 M CCCP). The
proteoliposomes were suspended in the 15 mM solution of NapSO4, 5 mM HEPES buffer (pH
7,5) and 400 «M Q1 at 20°C. Then, 200 xM NADH was added, and 30 seconds later, the mixture
was frozen at —80°C See text for the EPR conditions.
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Table 1

Comparison between Qq and DBQ.
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Q DBQ

(A) Original complex | suspension.

(a) Rate of NADH oxidation (xzmoles mg * min%) 5.0 7.9

(b) Inhibition (%) by piericidin A 98.5 99.0
(B) Proteoliposomes suspension.

(a) Rate of NADH oxidation 0.32 0.43

(b) Rate after CCCP addition 0.83 2.4

(c) Respiratory control ratio 2.6 5.7

(d) Inhibition (%) by piericidin A 88.5 99.0

Experimental conditions: The buffer solution contains 50 xM NADH, 100 xM Q, or DBQ, 15 mM Na2S04 and 5 mM HEPES (pH. 7.5), 30°C. (A) 3
1g/ml Complex I, 0.1 mg/ml asolectin and 0.1 % dodecyl maltoside were added to the buffer. (B) Reconstituted proteoliposomes (protein concentration:
1.4 mg/ml; phospholipids: 70 mg/ml) was suspended in the same buffer solution as described before.
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