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ABSTRACT. A wide variety of alkyl derivatives of (6-geranyl-2,3-dimethoxy-5-methyl-1,4-benzoquinone)

and DB (6n-decyl-2,3-dimethoxy-5-methyl-1,4-benzoquinone), in which methoxy groups of the 2- and/
or 3-positions of the quinone ring were replaced by other bulky alkoxy groups from ethoxy to butoxy,
were prepared by novel synthetic procedures. Electron-accepting activities of the bulky quinones were
investigated with bovine heart mitochondrial complex | and its counterpdaodcoccus denitrificans
(NDH-1) to elucidate structural and functional features of the quinone reduction site of the enzymes.
The bulky quinone analogues served as sufficient electron acceptors from the physiological quinone
reduction site of bovine complex I. Considering the very poor activities of even the ethoxy derivatives
as substrates for other respiratory enzymes such as mitochondrial complexes Il and Il [He, D. Y., Gu,
L. Q., Yu, L., and Yu, C. A. (1994Biochemistry33, 880G-884], this result indicated that the quinone
reduction site of bovine complex | is spacious enough to accommodate bulky exogenous substrates. In
contrast to bovine complex I, bulky quinone analogues served as poor electron accept@aradthccus
NDH-1. These observations indicated that bovine complex | recognizes the substrate structure with poor
specificity. The substituent effects in the 2- and 3-positions of the quinone ring on the electron-transfer
activity with bovine complex | differed significantly between @d DB series despite having the same
total number of carbon atoms in the side chain. The inhibitory effect involvindu® to its geranyl side

chain was markedly diminished by structural modifications of the quinone ring moiety. These findings
indicate that the side chain plays a specific role in the redox reaction and that the quinone ring and
side-chain moieties contribute interdependently to binding interaction. Moreover, structural dependency
of the proton-pumping activity of the quinone analogues was comparable to that of the electron-transfer
activity with bovine complex I, indicating that the mechanism of redox-driven proton-pumping does not
differ depending upon the substrate structure.

Mitochondrial NADH-ubiquinone (Q) oxidoreductase (com- plexity of this enzyme. Nevertheless, a consensus on the
plex 1)! is a large enzyme that catalyzes the oxidation of ubisemiquinone as the obligatory intermediate during the
NADH by Q coupled to proton translocation across the inner electron-transfer from NADH to Q pool has been reached
membrane 1, 2). Despite recent progress in structural (5, 6. There seems to be general agreement on the proton-
studies of the mammaliar and Neurospora crass43) pumping stoichiometry of 4H2e™ (7—9). In addition,
enzymes and their simpler bacterial counterpadjs Iittle several studies on specific inhibitors of bovine complex |
is known about the pathway of the electron(s) and the (10, 11 have suggested the existence of more than one Q
mechanism of proton-pumping due to the enormous com- reduction site in the enzyme, while the number of sites

remains to be defined precisely.
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Structure/electron-transfer activity studies of various syn-
thetic Q derivatives, in which both the quinone ring and the
side-chain moieties are modified, have been performed by
Yu and colleagues with bovine heart mitochondrial com-
plexes Il and lll (3—15). Structural modifications of Q
derivatives were limited to only the side-chain moiety in
previous structure/activity studies of complex 6(20). On
the basis of kinetic studies of Q analogues with various short
side chains, Lenaz and colleagué$,(19 showed that the
endogenous Q pool is not required for electron-transfer to
exogenous short-chain Q analogues, and thguiquinone-

1) is the best exogenous substrate for bovine complex I. On
the other hand, Degli Esposti and colleaguds, (20
suggested that the redox-driven proton-pumping efficiencies
of exogenous Qs vary depending upon hydrophobicity of
the side chain. It is noteworthy that both research groups
reported that @(ubiquinone-2) is a poor substrate despite
its native isoprene tail structure (i.e., a geranyl groug), (
19), although the reason for this remains to be elucidated. Re
In these previous studies, however, the effect of structural RS
modification in the quinone ring moiety on the electron- ‘

. .. . . . . 0”2 6 H
accepting activity and its alteration depending upon the side- moy
chain structure were not defined because of limited structural
variation of the Q analogues used.

We have recently developed synthetic procedures which
enable selective transformation of either the 2- or 3-methoxy
group to the corresponding ethoxy grouil( 22. Then,
using 2- or 3-monoethoxy and 2,3-diethoxy derivatives of
Q. and DB (2,3-dimethoxy-5-methyl-6-decyl-1,4-benzo- 0
quinone), we showed that these bulky Q analogues can retain HsCO_3 5 Ry

Q,:R;=R,=CH;,

2-Et0-Q, : R, = C,Hs, R, = CHy
3-Et0-Q; : Ry = CHj, Ry = CyHs
2,3-(Et0),-Q; : Ry = Ry = CoHs
2-n-PrO-Q; : Ry = n-C3H;, Ry =CHj
2-FPr0-Q, : Ry = i-C3H;, Rp=CHy
3-n-PrO-Q, : Ry =CHj, Ry =n-CsHs
3-FPrO-Q; : Ry =CHjs, Rp=i-CaH;
2,3-(n-Pr0),-Q; : Ry = Ry = n-C3H;
2-n-Bu0-Q; : Ry = n-C4Hy, Ry =CHj
3-n-Bu0-Q; : Ry = CHj, Ry=n-C4Hg
3-FBu0-Q,: R; = CHj, Ry =i-C4Hg

o]

DB : Ry =R,=CHj;

2-Et0-DB : Ry = C,Hs, Ry =CHg
3-Et0-DB : Ry = CHj, Ry =CyHg
2,3-(Et0),-DB : Ry = Ry = C,Hs
3-n-PrO-DB : R; = CH;, Ry =n-C3Hs

electron-accepting ability from the physiological site in
bovine complex I {1, 2]). As these ethoxy derivatives are HiCO™ 2 Y 6 "Ry
very poor substrates for mitochondrial complexes Il and 1lI 0

(14), this finding suggests that the Q reduction site in
complex | is spacious enough to accommodate bulky
exogenous Q analogues. This is supported by the results of

PB: Ry = CHy, Ry = CsHys
5-H-PB: R, = H, Ry=CgHia

a
5-H-6-(a-Me)-PB : R = H, R, = CH(CH3)(CHy)3CHs

structure/activity studies on complex | inhibitors such as
capsaicins Z3), rotenones 44), and N-methylpyridiniums
(11, 29, which revealed that the essential structural factors
of these inhibitors for the inhibitory action are rather 5-H-6-(8-Me)-PB : Ry = H, R2=(CHz)a?:t-l(co-la)oH3

ambiguous and that a variety of structurally different Fgure 1: Structure of @ DB, and PB analogues studied in this
derivatives of the inhibitors bind to the Q reduction site in study.

a dissimilar manner depending upon structural modifications. ] ) ) )

To further characterize the Q reduction site in bovine With proton-pumping NADH-Q oxidoreductase in which Q
complex |, in particular to determine how much bulky Q Structures were widely and systematically modified.
derl\_/atlves can retain the _electron_-acceptlng activity and_a_dso EXPERIMENTAL PROCEDURES
elucidate the effects of side-chain structure on recognition
of the quinone ring moiety by the enzyme, we synthesized Materials. Antimycin A, nigericin, and oligomycin were
further bulky Q@ and DB analogues (Figure 1) and investi- purchased from Sigma. Oxonol VI was obtained from
gated their electron-accepting activities. As the proton- Molecular Probes. MOA-stilbene was provided by Aburahi
pumping machinery would be close to the Q binding site of Laboratories, Shionogi Co., Ltd. (Shiga, Japan). aQ@d Q
the enzymeZ6—28), we investigated the correlation between were generous gifts from Eisai Co. (Tokyo, Japan). Pieri-
electron-accepting and proton-pumping activities of a variety cidin A was generously provided by Dr. Shigeo Yoshida
of Q analogues to gain insight into the mechanism of redox- (RIKEN, Japan). The ethoxy derivatives of @d DB and
driven proton-pumping in complex |I. Moreover, since PB derivatives were from previous sample§,(22. Other
proton-pumping NADH-Q oxidoreductase (NDH-1)Rdra- chemicals were commercial products of analytical grade.
coccus denitrificands thought to be a useful system for Synthesis.Direct replacement of the methoxy groups of
studying the structure and mechanism of action of mito- Q, (or DB) by another alkoxide gives a mixture of two
chondrial complex | 29), we compared profiles of the monoalkoxy derivatives (i.e., 2-methoxy-3-alkoxy and
structure/activity relationship of the Q analogues between 2-alkoxy-3-methoxy derivatives). Since these two deriva-
bovine complex | andParacoccusNDH-1. This report is tives cannot be separated due to their similar chromatographic
the first detailed structure/activity analysis of Q analogues natures {4, 21), the two derivatives have to be synthesized

B
5-H-6-(8-Me)-PB : R, = H, R, = CH,CH(CH3)(CH,),CH,
Y
5-H-6-(y-Me)-PB : R; = H, R, = (CH,),CH(CH3)CH,CH3
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FIGURE 2: Synthetic procedures. (a),NNH,, KOH in ethyleneglycol, (b)N-methylformanilide, POG| (c) AICI; in benzene, (d)
n-propyliodide, KCOs in acetone, (e) (im-chloroperoxylbenzoic acid in ethyl acetate, (i) NaOH in dioxan@H(f) Me;SQy, (g) (i)
n-BuLi/N,N,NN'-tetramethylethylenediamine in hexane undem=NO °C, (ii) geranylbromide, Cul (cat) in tetrahydrofurane-at8 °C, (h)
Ce(NHy)2(NO3)s in CH3CN/H,O under N at 0°C, (i) cyclopentadiene/CiEl,, (j) (i) KOBu-t/Et,O at—40 °C and geranylbromide at70
°C to room temperature, (ii) reflux in toluene at 80 for 3 h.

independently by different synthetic routes. We have OCH,), 4.94 (m, 1H,—CH=), 5.04 (m, 1H—CH=). Anal.
developed synthetic methods which enable selective preparaCalcd for G,H3:,04: C, 73.30; H, 8.95. Found: C, 73.09;
tion of two monoethoxy Q analogues (2-methoxy-3-ethoxy H, 9.24.

and 2-ethoxy-3-methoxy derivative®)1). However, since Synthesis of 3-n-Propoxy-@Figure 2A). To a solution

the previous method for synthesis of 2-methoxy-3-ethoxy of commercially available 3,4,5-trimethoxybenzaldehyde
derivative is limited to the preparation of this ethoxy (25.0 g, 127.4 mmol) in 120 mL of ethyleneglycol were
compound and is not available for other 2-methoxy-3-alkoxy added hydrazinemonohydrate (19.1 g, 382.2 mmol) and KOH
compounds, we developed new synthetic methods for a(21.4 g, 382.2 mmol), and the reaction mixture was stirred
variety of 2-methoxy-3-alkoxy-Q analogues as shown in at 150°C for 3 h. The mixture was extracted with benzene
Figure 2. All synthetic compounds were characterized by and washed with brine. The organic phase was dried over
IH NMR (Bruker ARX-300) and elemental analyses for C MgSQ, and evaporated to give 1,2,3-trimethoxy-5-methyl-

and H within an error oft0.3%.

Synthesis of 2-Monoalkoxy Analogues af Q-Monoalkoxy
analogues of @(2-n-PrO-Q, 2-i-PrO-Q and 2n-BuO-Q,)
were synthesized by introducing a geranyl gro@p) (into

benzene in quantitative yield.

To a mixture of 1,2,3-trimethoxy-5-methylbenzene (23.0
g, 126.1 mmol) andN-methylformanilide (25.6 g, 189.2
mmol) was added phosphorousoxychloride (29.0 g, 189.2

corresponding 2-alkoxy-3-methoxy-5-methyl-1,4-benzo- mmol) dropwise at room temperature, and the mixture was
quinones, which were prepared according to the previousstirred for 1 day and heated at 4G for 1 h. The reaction

method for preparation of 2-EtO.(Jscheme 1 in reR1),

mixture was extracted by ED and washed with brine. The

but using corresponding alkylbromide in the presence of a organic phase was dried over MgSénd evaporated. The

catalytic amount of Kl in place of diethyl sulfate. r2PrO-
Q2 ™H NMR (CDCl;, 300 MHz): 6 1.00 (t,J = 7.4 Hz,
3H, CH,CH3), 1.57 (s, 3H, CH), 1.65 (s, 3H, CH), 1.73 (s,
3H, CHs), 1.73-1.84 (m, 2H, CH), 2.00 (s, 3H, ArCH),
1.94-2.05 (m, 4H, 2CH), 3.18 (d,J = 11.6 Hz, 2H, ArCH),
3.98 (s, 3H, OCH), 4.12 (t,J = 11.2 Hz, 2H, OE1,CHj),
4.98 (m, 1H,—CH=), 5.03 (m, 1H,—CH=). Anal. Calcd

for Co1H3004: C, 72.80; H, 8.73. Found: C, 72.82; H, 8.85.

2-i-PrO-Q; *H NMR (CDCl;, 300 MHz): 6 1.31 [d,J =
6.9 Hz, 6H, CH(®13),], 1.59 (s, 3H, CH), 1.65 (s, 3H, CH),
1.73 (s, 3H, CH), 2.00 (s, 3H, ArCH), 1.94-2.08 (m, 4H,
2CHp), 3.18 (d,J = 11.6 Hz, 2H, ArCH-), 3.99 (s, 3H,
OCHg), 4.73 [m, 1H, OG(CHzs);], 4.93 (m, 1H,—CH=),
5.03 (m, 1H,—CH=). Anal. Calcd for G;H3,O4: C, 72.80;
H, 8.73. Found: C, 72.86; H, 8.90. r2BuO-Q; *H NMR
(CDCl, 300 MHz): 6 0.96 (t,J = 7.4 Hz, 3H, CHCH3),
1.46 (m, 2H, CH), 1.57 (s, 3H, CH), 1.63-1.78 (m, 2H,
CH,), 1.65 (s, 3H, CH), 1.70 (br s, 3H, Ch), 1.94-2.06
(m, 4H, 2CH), 2.01 (s, 3H, ArCH), 3.18 (d,J = 7.0 Hz,
2H, ArCHy), 3.99 (s, 3H, OCH), 4.16 (t,J = 6.7 Hz, 2H,

crude product was purified by silica gel column chromatog-
raphy (ethyl acetate/hexarel:4) to give 2,3,4-trimethoxy-
6-methylbenzaldehyde in a 79% yield.

To a solution of 2,3,4-trimethoxy-6-methylbenzaldehyde
(19.0 g, 90.4 mmol) in 200 mL of benzene was added
aluminum chloride (13.3 g, 99.4 mmol), and the reaction
mixture was stirred at 50C for 8 h. To this mixture was
addel 1 L of water, 400 mL of benzene, and 50 mL of 12
M HCI, and the mixture was stirred for 8 h. The reaction
mixture was extracted with D, and then the organic phase
was extracted with 5% aqueous NaOH. After acidification
by addition of 12 M HCI, the aqueous phase was extracted
with Et;,O and washed with brine. The organic phase was
dried over MgSQ and evaporated to give 2-hydroxy-3,4-
dimethoxy-6-methylbenzaldehyde in a 76% vyield.

To a solution of 2-hydroxy-3,4-dimethoxy-6-methylben-
zaldehyde (5.0 g, 29.0 mmol) in 100 mL of acetone were
addedn-propyliodide (6.0 g, 34.8 mmol) and,R0; (8.1 g,
58.0 mmol), and the reaction mixture was refluxed for 8 h.
After acidification by addition 61 M HCI, the mixture was
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extracted with EXO and washed with brine. The organic
phase was dried over MgS@nd evaporated. The crude
product was purified by silica gel column chromatography
(ethyl acetate/hexane 1:9) to give 3,4-dimethoxy-6-methyl-
2-n-propoxybenzaldehyde (3.3 g) in a 55% yield.

To a solution of 3,4-dimethoxy-6-methyl+2propoxy-

Biochemistry, Vol. 37, No. 18, 1998439

reaction step d in Figure 2A. BPrO-Q2;*H NMR (CDCls,
300 MHz): 6 1.32 [d,J = 10.3 Hz, 6H, CH(®3),], 1.58
(s, 3H, CH), 1.65 (s, 3H, CH), 1.73 (s, 3H, CH), 2.00 (s,
3H, ArCHs), 1.94-2.06 (m, 4H, 2CH), 3.18 (d,J = 11.7
Hz, 2H, CHy), 4.00 (s, 3H, OCHh), 4.71 [m, 1H, O®{(CHz)_],
4.74 (m, 1H,—CH=), 5.03 (m, 1H,—CH=). Anal. Calcd

benzaldehyde (3.3 g, 13.9 mmol) in 200 mL of ethyl acetate for C;H3004: C, 72.80; H, 8.73. Found: C, 72.61; H, 8.73.

was addedn-chloroperoxybenzoic acid (3.3 g, 15.3 mmol),

Synthesis of 3-i-butoxy-QFigure 2B). The above method

and the reaction mixture was stirred at room temperature for the preparation of 3-propoxy-Q was not applied to

for 16 h. Activated potassium fluoride (2.2 g) was added, that of 3i-butoxy-Q because of low yield in methylation
and the mixture was stirred for 1 h. The mixture was filtrated (reaction step f) of i-butoxy-2-hydroxy-5,6-dimethoxy-3-
through Celite layer, and the solvent was removed in vacuo methylbenzene, probably due to steric hindrance. Therefore,
to give crude 1-formyloxy-3,4-dimethoxy-6-methyl2- the procedure shown in Figure 2B was usedi-Bitoxy-
propoxybenzene. To the crude product were added 12 mL2-hydroxy-5,6-dimethoxy-3-methylbenzene prepared accord-

of dioxane and 12 mL fo3 M NaOH, and the reaction
mixture was stirred for 1 h. To this mixture was added 3.5
mL dimethyl sulfate followed by stirring for 8 h. The
reaction mixture was extracted with,BEt and washed with
brine. The organic phase was dried over MgSanhd
evaporated. The crude product was purified by silica gel
column chromatography (ethyl acetate/hexané.:20) to
give 1,2,4-trimethoxy-5-methyl-8-propoxybenzene (2.1 g)
in a 63% yield.

To a solution of 1,2,4-trimethoxy-5-methyli8propoxy-
benzene (2.1 g, 8.3 mmol) amdN,N',N'-tetramethylethyl-

ing to the above method was oxidized by ceric ammonium
nitrate to give 3butoxy-2-methoxy-5-methyl-1,4-benzo-
quinone, as described above. Then, introduction of a geranyl
group into this quinone was carried out through Dieidder-
type adduct as reported previousB2|. 3--BuO-Q; H
NMR (CDCls, 300 MHz): 6 1.00 [d,J = 6.7 Hz, 6H, CH-
(CH3),], 1.57 (s, 3H, CH), 1.65 (s, 3H, ChH), 1.73 (s, 3H,
CHs), 1.97-2.12 [m, 5H, 2CH, CH(CHjy),], 2.00 (s, 3H,
ArCHs), 3.18 (d,J = 7.0 Hz, 2H, ArCH), 3.91 (d,J=6.6

Hz, 2H, OCH), 3.98 (s, 3H, Ch), 4.93 (m, 1H,—CH=),
5.03 (m, 1H,—CH=). Anal. Calcd for G;H3,O4: C, 73.30;

enediamine (1.7 g) in 20 mL of hexane was added 7.3 mL H, 8.95. Found: C, 73.06; H, 8.99.

of 1.6 M n-butyllithium (11.6 mmol) slowly at CC under
N2, and the mixture was stirred for 30 min. This reaction
mixture was supplemented with 60 mL of THF and cooled
to —78 °C. To this mixture was added Cul (0.08 g, 0.4
mmol), and geranylbromide (1.8 g, 8.3 mmol) in 20 mL of
THF was then added slowly. The reaction mixture was
slowly warmed to OC and stirred for 2 h. Then, the reaction
was quenched with saturated aqueous,GlH The mixture

3-n-BuO-Q, and 3n-PrO-DB were synthesized by the
same method. 8-BuO-Q; 'H NMR (CDCl;, 300 MHz):
0 0.96 (t,J = 7.3 Hz, 3H, CHCH3), 1.47 (m, 2H,—CH,—
), 1.63 (s, 3H, CH), 1.65 (s, 3H, CH), 1.70-1.78 (m, 2H,
—CH,—), 1.73 (s, 3H, CH), 1.94-2.06 (m, 4H, 2CHJ), 2.00
(s, 3H, ArCH), 3.20 (d,J = 7.0 Hz, 2H, ArCH), 3.99 (s,
3H, OCH;), 4.14 (t,J = 6.7 Hz, 2H, OCH), 4.93 (m, 1H,
—CH=), 5.03 (m, 1H, —CH=). Anal. Calcd for

was extracted with ethyl acetate and washed with brine. The C,,H3,04: C, 73.30; H, 8.95. Found: C, 73.19; H, 9.14.

organic phase was dried over Mgsénd evaporated. The
crude product was purified by silica gel column chromatog-
raphy (ethyl acetae/hexamel1:20) to give 1-geranyl-2,3,5-
trimethoxy-6-methyl-4a-propylbenzene (1.0 g) in a 32%
yield.

To a solution of 1-geranyl-2,3,5-trimethoxy-6-methyl-4-
n-propylbenzene (1.0 g, 2.6 mmol) and 2,6-pyridinedicar-
boxylic acid (1.1 g, 6.5 mmol) in 15 mL of acetonitrile:water
mixture (7:3) at CC under N was added dropwise a cooled
(0 °C) solution of ceric ammonium nitrate (3.5 g, 6.5 mol)
in 15 mL of acetonitrile:water mixture (1:1) and stirred for
30 min at 0°C and then for 10 min at room temperature.
The reaction mixture was extracted with,@tand washed
with brine. The organic phase was dried over Mg%@d
evaporated. The crude product was purified by silica gel
column chromatography (ethyl acetate/hexand.:20) to
give 3n-propoxy-Q (2-methoxy-5-methyl-3+propoxy-1,4-
benzoquinone) in a 50% vyield. BProO-Q; H NMR
(CDCl;, 300 MHz): 6 1.00 (t,J = 7.4 Hz, 3H, CH), 1.57
(s, 3H, CH), 1.65 (s, 3H, CH), 1.72 (s, 3H—CHjy), 1.73—
1.81 (m, 2H, OCHCHy), 2.00 (s, 3H, ArCH), 1.95-2.06
(m, 4H, 2CH), 3.18 (d,J = 11.7 Hz, 2H, CH), 4.00 (s,
3H, OCH), 4.11 (t,J = 11.2 Hz, 2H, O®i,CH3), 4.92 (m,
1H, —CH=), 5.03 (m, 1H,—CH=). Anal. Calcd for
CoiH304: C, 72.80; H, 8.73. Found: C, 72.64; H, 8.66.

3-i-PrO-@ was synthesized by the same method using
i-propylbromide (plus Kl) in place oh-propyliodide in

3-n-PrO-DB;*H NMR (CDCl;, 300 MHz): 6 0.88 (t,J =
6.7 Hz, 3H, CHCH?3), 1.00 (t,J = 7.4 Hz, 3H, CHCH3),
1.20-1.45 (m, 16H,—CH-), 1.77 (m, 2H, Gi,CHj3), 2.00
(s, 3H, ArCH), 2.44 (m, 2H, ArCH), 4.00 (s, 3H, OCH),
411 (t, J = 6.7 Hz, 2H, OCH). Anal. Calcd for
CHs.04: C, 71.96; H, 9.78. Found: C, 71.78; H, 9.92.

Synthesis of 2,3-(n-Pr@)XQ.. 6,7-Dichloro-1,4,4a,8a-
tetrahydro-4a-methyl-1,4-methanonaphthalene-5,8-digBe (
and sodium propoxide were reacted in propanol to give 1,4,-
4a,8a-tetrahydro-6,7-ai-propoxy-4a-methyl-1,4-methanon-
aphthalene-5,8-dione. Introduction of a geranyl group into
this compound and transformation to 2i8KrO)-Q, were
carried out by the previously reported meth@@)( 2,3-(-
PrO)%-Q,; *H NMR (CDClz, 300 MHz): 6 1.00 (t,J = 8.0
Hz, 6H, CHCHj), 1.57 (s, 3H, CH), 1.65 (s, 3H, Ch),
1.73 (s, 3H, CH), 1.67-1.82 (m, 4H, OCHCH,), 2.00 (s,
3H, ArCH;g), 1.94-2.06 (m, 4H, 2CH), 3.18 (d,J = 7.0
Hz, 2H, ArCH,), 4.12 (m, 4H, OEI,CH,), 4.91-4.96 (m,
1H, —CH=), 5.01-5.05 (m, 1H,—CH=). Although the
elemental analysis was not done because of limited product,
no contamination was determined By NMR.

Methods Bovine heart submitochondrial particles (SMP)
were prepared by the method of Matsuno-Yagi and Hatefi
(31) and stored in a buffer containing 0.25 M sucrose and
10 mM Tris/HCI (pH 7.4) at—78 °C. NADH-Q oxi-
doreductase activity was measured as the rate of NADH
oxidation at 30°C with a Shimadzu UV-3000 at 340 nm
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(e =6.2mM™ cm™). The reaction medium contained 50 T 7 Summary of Kinetic Parameters of Synthetic Q
mM potassium phosphate (pH 7.4), 0.25 M sucrose, 1 mM analogues
MgCl;, 2 mM KCN, 0.2uM antimycin A, and 0.2«:M MOA-

: . . . ) . bovine complex | ParacoccusNDH-1
stilbene, and the final mitochondrial protein concentration " v " v
was 30ug/mL. The reaction was started by addin . - mex W max
NADH ngt]er SMP were equilibrated with Q gnalogugepsa.m The quinones (M) (umoliminfmg) (uM) (umolimin/mg)
experimental conditions for investigation of product inhibi- 22EtO 2 021 > 021
; , ; . ; -EtO-Q 4 0.45 8 0.22
tion are described in detail in the figure legends. The reduced 3.gi0.-q, 4 0.43 17 0.20
forms of Q analogues were prepared by the method of Rieske 2,3-(Et0)-Q; 5 0.42 5 0.10
(32). 2-n-Pro-Q 15 0.58 2 0.08

The membrane potential generated by NADH oxidation §j‘,{_ﬁ!f’o'% 12 8'%% % 8%
was measured at 3C by following the absorbance changes 3--PrO-Q 10 0.36 2 0.07
of oxonol VI at 636-601 nm (8) with Shimadzu UV-3000  2,3-(-PrOp-Q: c c
in a dual wavelengths mode. The reaction medium consisted g:ﬂ:gﬂg:% g 8-%3 ¢
of 50 mM Tricine/NaOH (pH 7.4), 0.2 M sucrose, 3 mM 34-BUO-Q, 1 0.11 c
KCN, 2.5 mM MgCl, 10 nM nigericin, 0.3:M oligomycin, DB 6 0.45 c
0.4 uM antimycin A, 0.1uM MOA-stilbene, and 3uM 2-EtO-DB 4 0.32 c
oxonol VI. The final mitochondrial protein concentration 3-EtO-DB 6 0.41 c
was 110ug/mL. The reaction was started by adding 200 2,3-(EtO}DB o 0.28 ¢

: o . 3-n-PrO-DB 10 0.31 c

uM NADH after SMP were equilibrated with Q analogues. pg 15 0.60 121 0.88

P. denitrificansmembranes were prepared as described >-H—PB 8 0.69 5 0.49
previously @3). NADH-Q oxidoreductase activity was 5_::2:%_’,'\\/'":))_'25 g 8.‘3"2 26 822
measured at 30C as described above. The reaction medium 5_.6-(,-Me)-PB 3 0.39 6 047
contained 50 mM potassium phosphate (pH 7.4), 1 mM 5-H-6-(>-Me)-PB 7 0.65 6 0.46
EDTA, and 10 mM KCN. 2The Km and Vinax Values were determined by Lineweaver-Burk

analysis. The values were averaged from at least two independent

RESULTS measurement$.The kinetic parameters were estimated by extrapolation

of the linear part of the Lineweaver-Burk plot since significant substrate
Structure/Electron-Accepting Aetfy Relationship of Q  inhibition was observed at concentrations of added Q abal@uM.
Analogues with Bane Complex I. The kinetic parameters ¢The kinetic parameters could not be estimated due to very poor
. activity. The reaction rate was less than 0:080l/min/mg of protein
in terms of appa_reer_ andVmax values of Q, DB, _and PB even when the concentration of the substrate was increased up to 100
analogues are listed in Table 1. Redox potentials of theseﬂM_
Qs are almost identicall4, 15. Although the electron-

transfer activities of some of DB and PB analogues have .

been studied previousi\2(), they were reexamined in the chain structure (geranyl versusd'ec'yl grqups), although the
present study under the same experimental conditions totom.lI numbgr of carbon Qtoms IS |dent|ce_1l betwe_en the two
avoid possible experimental differences due to different SMP Series. It |s_therefo_re !|kel_y that t_he side ch_aln plays_ a
preparations and to compare their activities with those SPECIfic role in the binding interaction depending upon its
determined wittParacoccusNDH-1. All of the Q analogues structural ;pemﬁuty, rather than simply increasing the
accepted electrons from the physiological site in complex | hydrophobicity of the molecule.

irrespective of the efficiency as an electron acceptor because Four monopropoxy @ analogues possessing or i-

the electron-transfer activities of these compounds were propoxy groups at either the 2- or the 3-position were
almost completely X90%) inhibited by 0.1uM piericidin synthesized. The steric hindrance of thgropoxy group is

A or rotenone (data not shown). In a preliminary experiment, greater than that af-propyl group despite having the same
we also confirmed that the electron-transfer activity of a very number of carbon atom84). The Vnax value of 2n-PrO-
hydrophilic @ (2,3-dimethoxy-5-methyl-1,4-benzoquinone) Q. was greater than that of 2-EtO;Qvhereas th&, value
was inhibited just by about 30% under the same experimentalwas increased. Th¥na value of 2i-PrO-Q was signifi-

conditions. The large inhibitor-insensitive activity of @ cantly smaller than that of 8-PrO-Q and similar to that of
due to electron flow at a site upstream of the physiological Q,. This might be because more bulkyi-propoxy group
site (7, 19. is unfavorable for redox reaction due to steric congestion

The ethoxy analogues of,@@-EtO-Q, 3-EtO-Q, and 2,3- arising from the binding site, but the flexibhepropoxy group
(EtO),-Q,) appeared to be better electron acceptors than Q can avoid steric congestion. A similar tendency was
with Vinax values about twice that of Q This result indicated ~ observed for a pair of 8-PrO-Q and 3i-PrO-Q, while the
not only that even bulky analogues can serve as efficient Vmax value of 3i-PrO-Q was larger than that of BPrO-
electron acceptors, but also that the inhibition involving Q Q.. This result suggested that the 2-position of the quinone
reported previouslyl©) was markedly reduced, as described ring is recognized more strictly than the 3-position by the
in the following section. In contrast, th€m, values of enzyme. In contrast to the case of §halogues, 3+-PrO-
2-EtO-DB and 2,3-(EtQ)DB were decreased considerably DB was a poorer electron acceptor than 3-EtO-DB. Thus,
compared to that of DB. Thus, the structural dependency the @ and DB series showed opposite effects of steric
of the ethoxy analogues of DB differs from that o, Q bulkiness in the 3-position on the activity. This result also
analogues. This indicated that the manner of binding of the indicated that recognition of the quinone ring moiety by the
quinone ring moiety to the enzyme is affected by the side- enzyme differs depending upon the side-chain structure.
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The electron-accepting efficiencies of further buliy
butoxy analogues (8-BuO-Q, and 3n-BuO-Q,) were much a0 [’
poorer than those afi-propoxy analogues irrespective of 100 30
substitution position on the quinone ring and almost identical 20[
to that of Q. Although then-butoxy group is also flexible,

W

this long alkyl substituent might no longer be free from steric g 10—
congestion arising from the binding environment. Mgx £ 5 0 I I
value of 3i-BuO-Q, was significantly smaller than that of g o 0.1 0.2

3-n-BuO-Q,, consistent with the case of the pair of-B+O- G e

Q2 and 3n-PrO-Q. The efficiency of 2,34§-PrO)-Q,, the
most bulky substrate examined in this study, was much
poorer than that of @ This compound did not actually serve 0 100 200 300
as an electron acceptor. Supposing that the binding environ- QHp (M)

ment of quinone ring moiety is formed by cavity-like N . .
d g Y y Y Ficure 3: The inhibition of NADH-Q oxidoreductase activity by

structure which enables stabilization of a semiquinone " i\ cdq form of Q. NADH-Q(®) and NADH-31-PrO-Q, (m)
radical, it is reasonable that there are limitations in bulkiness oxidoreductase activities were determined in the presence of the

of the quinone ring moiety to fit into the cavity. indicated concentrations ofi8, and 3a-PrO-QH, respectively.
Although the above interpretation of the experimental data The reaction medium (30C) contained 50 mM potassium
would be based on mixed kinetic properties if there are Phosphate (pH 7.4), 0.25 M sucrose, 1 mM Mg@ mM KCN,

. o . . . . 0.2 uM antimycin A, and 0.2uM MOA-stilbene, the final
indeed two distinct Q reduction sites in bovine complex | itochondrial protein concentration being 8¢/mL. The reaction

(10, 11, the important result is that the Q reduction site(S) was started by adding 50Vl NADH after SMP were equilibrated
is actually spacious enough to accommodate bulky exog-with Q and indicated concentrations of its reduced form for 30 s.
enous Q and that recognition of the quinone ring moiety by The concentration of Qand 3n-PrO-Q was 50uM. The control

; i A .~ enzyme activities were 0.48 and 0.@ghol of NADH oxidized/
the enzyme is significantly affected by the side-chain min/mg of protein for Gand 3n-PrO-Q, respectively. The inset

structure. The latter finding indicates that the quinone ring shows a double-reciplocal plot of NADH:@xidoreductase activity
and the side-chain moieties contribute interdependently toin the presencefd M (O), 25uM (®), or 100xM (M) of QiH,.
binding interaction.

Effects of Structural Modification on Inhibitory Action apparent poor electron-transfer activity of & primarily
Involving Q.. The electron-accepting ability of s much due to its severe product inhibition under turnover conditions,
poorer than those of DB andiQderivatives possessing a but not poor intrinsic ability as an electron acceptor, and
side chain of 10 carbon atoms and of one isoprene unit, that structural specificity of the geranyl side chain of i
respectively 18, 19. Fato et al. {9) suggested that thisis  related to product inhibition.
because the side chain of, @.e., geranyl group) is not The present observation that bulky @ralogues such as
correctly positioned at the active site for optimal electron- 2,3-(EtO}-Q and 3n-PrO-Q exhibit much higher activity
transfer, although a geranyl group itself is a part of the than Q suggests that the inhibition involving,@ signifi-
isoprene tail of endogenous, & Thus, the investigation of  cantly diminished by structural modification of the quinone
unusual action of @is interesting to obtain insight into the  ring moiety. To confirm this, we examined the effects of
binding manner of short-chain Q to the enzyme. bulky @, analogues on Qreduction activity in NADH-Q

The steady-state kinetics of NADH-Q oxidoreductase oxidoreductase assay. Inhibition by @as examined as a
activity of complex | are consistent with a ping-pong bi-bi reference (Figure 4A). When NADH-Qoxidoreductase
mechanism 19), whereby the enzyme is first reduced by activity was titrated with increasing concentrations gHg)
NADH with release of NAD and then reoxidized by Q with  the activity decreased as the concentration ¢ Qncreased
release of QB The same mechanism was suggested using (closed circles). The enzyme activity was fully inhibited in
ferricyanide and DCIP (2,6-dichlorophenolindophenol) as the presence of about 401 Q.H,. The extent of inhibition
electron acceptor8p). Since first (NADH) and second (Q) by the oxidized form of Qwas once saturated at about 10
substrates bind reversibly at different sites of the enzyme, uM, whereas the enzyme activity recovered slightly at higher
this kinetic mechanism is generally supposed to suffer concentrations of g(closed squares). A previous study)
product inhibition; that is, the presence of a reduced form overlooked this recovery because of the limited concentration
of Q inhibits the enzyme reaction in a competitive manner range of Q examined. Considering that,@ an electron
against an oxidized form. As shown in Figure 3HQand acceptor, albeit a poor acceptor, the “inhibitory” form might
3-n-PrO-QH; actually inhibited NADH-Q and NADH-3- be the reduced form which was rapidly converted when the
n-PrO-Q oxidoreductase activities, respectively, in a con- enzyme reaction started. Reactivation of the enzyme activity
centration-dependent manner. In these cases, the mechanisitan be accounted for by the electron-accepting activity of
of inhibition by the reduced form of Q was revealed to be Q; itself since the electron-transfer rate in the presence of
competitive against its oxidized form, as shown in the inset high concentrations of Qalmost corresponded to that
of Figure 3 taking @H, as an example. In addition, if the obtained with Qalone as an electron acceptor (open circles).
catalytic site of exogenous Qs is identical irrespective of  3-n-PrO-Q slightly inhibited Q reduction in NADH-Q
different types of Q, product inhibition should occur between assay at lower concentrations10 uM), but the enzyme
them. Fato et al.19) indeed observed competitive inhibition reaction rate increased over the control rate at higher
of NADH-Q; oxidoreductase activity by Bl,, although they concentrations (Figure 4B, closed squares) and was slightly
did not interpret this observation from the viewpoint of higher than that obtained with BPrO-Q alone (open
product inhibition. It is therefore reasonable to consider that circles). Similarly to the case of £t is likely that the slight
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Ficure 4: The effects of Q analogues and their reduced formJJQH
on @Q reduction in NADH-Q oxidoreductase assay. (A),(H),
Q:H; (@). (B) 3-n-PrO-Q (m), 3-n-PrO-QH, (@). (C) 34-BuO-

Q. (m), 34-BuO-QH, (@®). The control electron-transfer activity
in NADH-Q; assay was 0.48mol of NADH oxidized/ min/mg of
protein, and this value was taken as the 100% activity. As a
reference, NADH-@ NADH-3-n-PrO-Q and NADH-3i-Bu-Q,
oxidoreductase activities are shown in pankisC, respectively,

by open circles @). In these case also, the above NADH-Q

0 1

0

Ohshima et al.

this compound were similar to those ofn3rO-Q, while
the electron-transfer rate in the presence GfBE1O-Q
(closed squares) was much higher than that obtained with
3-i-BuO-Q; alone (open circles). These findings suggested
that the apparently poor electron-transfer activity ¢fB40-
Q: is due to its poor intrinsic ability as an electron acceptor
owing to its bulkiness, but not to severe product inhibition.
Although, why the production inhibition by the bulky,Q
analogues in NADH-Q assay is incomplete is not fully
understood, it is suggested that the binding site of the bulky
Q: analogues differs somewhat from that af Qt is anyhow
notable that the severe inhibitory action involving ®as
markedly diminished by structural modifications of the ring
moiety. This finding also supports the above conclusion that
the quinone ring and side-chain moieties contribute inter-
dependently to binding interaction. In other words, the
manner of interaction of the quinone ring moiety to the
enzyme affects that of the side chain.

Correlation between Electron-Transfer and Proton-Pump-
ing Activities of @ Analogues.The sensitivity of exogenous
Q reduction in complex | to inhibitors such as piericidin A
and rotenone has been generally thought to be an index of
electron-transfer from the physiological sitg (L9, which
is coupled to proton-pumping function. It is therefore certain
that all of the Q and DB analogues accept electron from
the physiological site since their electron-transfer activities
were almost completely >90%) inhibited by 0.1uM
piericidin A or rotenone. To obtain further support for this
notion, we determined proton-pumping activities of Q
analogues by monitoring formation of membrane potential
across SMP membranes using oxonol VI (inside positive)
and compared them with the electron-transfer activities from
the viewpoint of the structure/activity relationship. This
comparison would be important to obtain insight into the
mechanism of proton-pumping in complex | since the
possibility that the mechanism varies depending upon ex-
ogenous Q structure has not been necessarily ruled out.
Although no such phenomenon has been known to date for
other respiratory enzymes, it is also true that there is no hard
experimental evidence which rules out this possibility.

In preliminary experiments, we confirmed that, in the
presence of 0.LM piericidin A or rotenone, the extent of

oxidoreductase activity was taken as the 100% activity. The reaction gxonol signal at 636601 nm reflecting formation of

medium (30°C) contained 50 mM potassium phosphate (pH 7.4),
0.25 M sucrose, 1 mM Mg@l2 mM KCN, 0.2uM antimycin A,
and 0.2uM MOA-stilbene, the final mitochondrial protein con-
centration being 3@g/mL. The reaction was started by adding 50
uM NADH after SMP were equilibrated with {(50 uM) and
indicated concentrations of, @nalogues for 30 s.

inhibition at low concentrations of B-PrO-Q was elicited

membrane potential does not change from the level before
energization irrespective of the exogenous Q used, indicating
that the signal response well coupled to the proton-pumping
activity of complex > Figure 5 shows the titration of height

of maximum oxonol VI signal with increasing concentrations
of Q, with @, 2,3-(EtO}-Q, and 3n-PrO-Q as examples.
The increase in the height of a sharp transient signal of

by its reduced form, and the enhancement of enzyme reactiongxonol VI was saturated at a certain concentration range of

rate was due to electron-transfer activity of-BrO-Q itself.
Unexpectedly, the extent of inhibition byrBPrO-QH, was
saturated at about 60% above@a (closed circles), though
NADH-3-n-PrO-Q, oxidoreductase activity was fully inhib-
ited by 3n-PrO-QH,, as shown in Figure 3. Both forms of
2,3-(EtO)}-Q, showed similar effects on Qreduction in
NADH-Q; assay with those by B-PrO-Q (data not shown).
The effects of 3-BuO-Q,, an apparently poorer substrate
than @Q, on @Q reduction in the NADH-Q assay were also
examined (Figure 4C). Despite the much poorer electron-
transfer activity of 3-BuO-Q,, the effects of both forms of

exogenous Q, and after saturation, the signal was broadened
with further increases in concentration of Q since a dynamic
equilibrium was reached where the proton translocation rate
of the enzyme was equal to the passive backward proton

2We appreciate that the absorbance change of oxonol VI may not
be a linear function of membrane potential. However, since the aim of
this experiment was to investigate whether the electron-transfer and
proton-pumping activities of Qanalogues are comparable from the
viewpoint of structural dependency of the two activities, the oxonol
VI response was regarded as an indicator of membrane potential
changes.
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that of Q. These results indicated that steric bulkiness in

%0'06_ the 2- and 3-positions is unfavorable for the electron-
g accepting activity withParacoccusNDH-1. In support of
2 004 this notion, the activities of monopropoxy analogues ef Q
2 were much poorer than that of ;Qrrespective of the
S substituted position. The activities of more bulky analogues
2 002 were less than 0.08mol/min/mg of protein even at high
= concentrations. There are two possible reasons for the very
T 0 poor activities of the bulky @analogues; the analogues may

0 10 20 not be able to occupy the Q reduction site due to steric

Q @M) congestion, or they may occupy the site but not serve as a

FiGURE 5: Formation of membrane potential by NADH-Q oxi-  Sufficient electron acceptor. We therefore measured the rate
doreductase activity. The height of the maximum oxonol VI signal of Q, reduction in NADH-Q oxidoreductase assay in the
(630-601 nm), tf;gg%isgg é“.?bgosﬁaé’:gi é”ité)wﬁf gﬁtgrno‘i“ed alpresence of various concentrations oi-Bu-Q. or 2,3-(-

vari ncen - - - - . e s . .

Qa; (OIL)ISatCs?OEg. The reaction médihm consist%ed of 50 mM Tricine/ Pro}-Q.. The Q reduction was mhlt.)lteq |n a concentraﬁon-
NaOH (pH 7.4), 0.2 M sucrose, 3 mM KCN, 2.5 mM MgCLO dependent manner, and complete inhibition was attained at
nM nigericin, 0.3uM oligomycin, 0.4uM antimycin A, 0.1uM above~80 uM of these substrates (data not shown). The
MOA-stilbene, and &M oxonol VI. The final mitochondrial protein inhibition pattern was competitive against Qrhese findings
concentration was 110g/mL. The reaction was started by adding strongly suggest that the bulky,@nalogues occupy the Q
2004M NADH. reduction site (probably partially), but they are not correctly
epositioned for redox reaction due to steric congestion.

The PB analogues are useful to examine the effects of
conformation of the side chain on the electron-accepting
activity for the following reasons. Molecular orbital calcula-
tions have indicated that the existence of a methyl group in
the 5-position (as in the case of PB) or a methyl branch at
the a-position in the side chain [as in the case of 5-He6-(

current. Therefore, the apparent saturation of the increas
in signal height did not indicate that of the rate of proton-
pumping activity and appeared before the saturation of
electron-transfer activity. This was confirmed by the titration
of the two activities with increasing concentrations of NADH
in NADH oxidase assay under the same experimental

f\(/) r\l,sgrlgnjr’nﬁi( ; de Fz(tj ;?: tn?[eslr?:\:\%t)ors of complexes Il and Me)-PB] significantly reduced rotational freedom of the side
: L chain @1). In the presence of either of these methyl groups,

The order of proton-pumping efficiencies in terms of the e § molecule is energetically most stable when the side
maximum signal height [8-PrO-Q > 2,3-(EtO}Q2 > Q2] ¢hain is almost perpendicular to the Q ring plane. This
was identical to that of electrqn-accepn_ng efflcu—::nugs N notion regarding the effect of the 5-methyl group on
terms ofVmax (Table 1). Saturation of the increase in signal  conformation of the side chain was experimentally supported
height was observed at lower concentrations in the order of by EPR and ENDOR spectroscopic studies on short-chain
Q2, 2,3-(EtO)-Q. and 3n-PrO-Q, which is identical to the  j5gt0semiquinone and ubisemiquinone radicals in organic
order of Ky values for their electron-transfer activity. ggvent and protein environment86j. The flexibility of
Although the fitrations of typical three LQanalogues are ¢ side chain is not reduced in the presence of a methyl
illustrated in Figure 5 for the sake of clarity, structural | 4nch anywhere other than theposition @1).
dependency of the proton-pumping activity was reproducibly  tpe effects of conformational changes of the side chain
comparable to that of the electron-transfer activity for other ., e electron-accepting activity wibaracoccusNDH-1
Q: analogues. .This indicated that the redox reactior_w of Fhe are noteworthy. Comparing the activities among the PB
Q. analogues is well coupled to the proton-pumping ir- gnai0ques; it is clear that apparent affinities of PB and 5-H-
respective of wide structural variations. As support of this 6-(a-Me)-PB, in which the side chains are almost perpen-
conclusion, it should be mentioned that the proton-pumping gicyjar to the ring plane, markedly decreased, whereas the
activity of hydrophilic substrate & which is believed to ;' vajye increased. The electron-accepting activities of
accept electrons, in a large part, at a site upstream theyiher pg analogues were almost identical irrespective of the
physiological site, was much poorer than that expected from psition of the attached methyl group. This finding indicated
its electron-transfer activity (data not shown). that conformation of the side chain significantly affects the

Structure/Electron-Accepting Aetiy Relationship of Q  electron-accepting activity witRaracoccusNDH-1. Thus,
Analogues with Paracoccus NDH-We also investigated  considering the important role of the side chain moiety in
the electron-accepting activities of the above Q analoguesthe enzyme reaction, the very poor activities of the DB series
with proton-pumping NADH-Q oxidoreductase (NDH-1) of  described above might be due to some sort of unfavorable
P. denitrificansmembranes (Table 1). The kinetic param- interaction of then-decyl side chain with the binding
eters of all of the DB series could not be evaluated precisely environment.
because of their very poor activities. Their electron-  \We have reported the structure/activity relationship of PB
accepting activities were less than 0.88wl/min/mg of  series with bovine complex | previouslg). However, to

protein even when added up to about 10@. Therefore,  compare the structure/activity profiles between the two
the n-decyl group appeared to be unfavorable as the sideenzymes, we will briefly summarize the results (Table 1).
chain of Q withParacoccusenzyme. The affinity and maximum reaction rate of 5-H-PB are higher

The K, value of Q analogues increased in the order of than those of PB (Table 1), indicating that the lack of a
Q; < 2-EtO-Q < 3-EtO-Q, while Vo values were almost  5-methyl group is favorable for the electron-accepting
identical. TheVmax value of 2,3-(EtO}Q, was about half  activity. Although the electron-accepting activities of other
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PB analogues differ slightly depending upon the position of because even ethoxy derivatives of @r Q.H,) and DB
the attached methyl group, conformational change of the side(or DBH,) proved to be very poor substrates in studies with
chain does not significantly affect the electron-accepting other electron-transfer enzymes such as bovine heart mito-

activity. chondrial complexes Il and 11114), glucose dehydrogenase
(22), and terminal ubiquinol oxidase23) in Escherichia
DISCUSSION coli. As for the propoxy derivatives, no electron-transfer

activity was observed with these enzynie@n the basis of

Alkyl derivatives of short-chain Qs, in which the native time-resolved fluorescence measurement of fluorescent probes
substituents of the quinone ring are replaced by other alkyl which compete for the binding site of Q in complex I, Ahmed
groups, are useful to probe the structural natures of the and Krishnamoorthy39) suggested that the Q-binding site
substrate-binding site of Q redox respiratory enzymes sincehas a high level of segmental mobility, which enables
this type of structural modification inevitably alters the efficient rotational motion of the bulky fluorescent ligands.
molecular shape while minimizing changes in the redox The large binding cavity of Q in complex | would be a
properties of the moleculel4, 2. In other words, such  requirement for such a high degree of flexibility in this
structural modification enables separation of the steric andregion. In comparison with bovine complexRaracoccus
electronic effects of the substituents on the redox activity. NDH-1 recognizes the substrate structure in a more strict
We have reported synthetic procedures which enable chemi-sense. For instance, replacement of one of the two methoxy
cal modifications of the substituents at all positions in the groups of Q with a propoxy group resulted in considerable
quinone ring to other alkoxy or alkyl groupy, 22. reduction of the electron-accepting activity. Therefore, the
However, the previous method for transformation of the structural properties described above are specific for bovine
3-methoxy group was limited only to a corresponding ethoxy complex | and not common features for all proton-pumping
group. To overcome this limitation, we developed general NADH-Q oxidoreductases. Thus, the results suggest that
procedures to enable transformation of the 3-methoxy group Q-binding sites are somewhat different between the bovine
to any other alkoxy group. It is therefore now feasible to complex | andParacoccusNDH-1 in terms of substrate
prepare any alkyl derivative of short-chain Qs by these specificity. According to Singed(), repeated washing with
synthetic procedures. bovine serum albumin removes all unspecifically bound

Several experimental approaches have suggested that ther@t€none along with some specifically bound rotenone,
are more than one Q catalytic site in bovine complex I (for resulting in partial restoration of NADH oxidase activity of
recent review, see re87). On the basis of studies of bovine complex I. By contrast, Stouthamer and colleagues
inhibition mechanism of pyridinium-type inhibitors, we (41 reported that the inhibition of thBaracoccusNDH-1

previously proposed that there are two distinct physiological 2<tiVity by rotenone can be completely reversed by washing
Q reduction sites in bovine heart mitochondrial complex I, the membranes with a medium containing bovine serum
and a mixture of two kinetic components of 2,3-(Ex@,  2/umin. These may support the above notion.

reduction can be distinguished by a curved Eadie-Hofstee Furthermore, the present study revealed that recognition
plot (38) of kinetic data with combined use of MP6, a specific Of the quinone ring moiety by bovine complex | is signifi-
pyridinium-type inhibitor of one of the two proposed sites cantly affected by the side-chain structure, indicating that
(11). The incomplete product inhibition observed in the the quinone ring and the side-chain moieties contribute
present study by combined use of different types of Q interdependently to binding interaction with the enzyme. In
analogues is difficult to explain by the one catalytic site Support of this notion, inhibitory property involving :Q
model for exogenous Q. Therefore, if there are indeed two Which is thought to be due to the presence of a geranyl side
Q catalytic sites, it is ideal to separate the two kinetic chain (L9), was markedly diminished by structural modifica-
components for a variety of Q analogues and compare thetions of thequinone ringmoiety. This is in marked contrast
structural factors required for electron-transfer activity (0 the case of terminal ubiquinol oxidasessncoli, in which
between the two sites to elucidate the structural nature of Pinding of the quinone ring moiety is not affected by the
each of the sites. In this study, we tried to separate a mixtureSide-chain structure2). Concerning the role of the side
of two kinetic components of newly synthesized bulky Q ¢hain, Warncke et al.4¢) reported that native isoprenoid
analogues by the previous procedut®)( whereas no clear _tall increases the binding _affmlty of Q thro_ugh a specific
separation succeeded except 2,3-(EQ@) This is probably interaction at Q and _(} sites of the reaction center of
not only because affinities of the two sites to the Q analoguesRnodobacter sphaeroidesOn the other hand, Yu et ally)

are similar, or at least not sufficiently different to allow reported that electron-accepting and -donating activities of

separation, but also because MP6 is not a completelyQ2 gnd DB are Completely identical in mitochondrial
selective inhibitor of one of the two sites in the strict sense succ!nate—cytqchrome OX|dc'>redu.ctase.. Thus, the rqle of
(11). Thus, comparison of the struture/activity profiles of the side chain in redox reaction might differ between different

Qs between the two sites was impractical, and consequently,reSIOIraltory redox proteins.

our discussion is based on apparently mixed functions of As stated in the introductory portion of this paper,
the two sites. information regarding the mechanism of energy-coupled
electron-transfer in complex | is very limited. Even th&/H
e~ stoichiometory is still uncertain, and values reported/(H
e = 2) are too high to rationalize on the basis of a

However, the present study clearly demonstrated that the
Q reduction site of bovine complex | is actually spacious
enough to accommodate bulky exogenous Q. In other words,
this enzyme recognizes the guinone ring moiety very loosely.
This structural specificity in complex | is extremely unusual ~ 3M. Ohshima, H. Miyoshi, and K. Sakamoto, unpublished data.
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mechanism in which a single electron-transfer reaction would 12. Robinson, H. H., and Kahn, S. D. (192D)Am. Chem. Soc

be coupled to the translocation of one proton in analogy to
the Q-cycle hypothesis of complex 114§). On the other
hand, there is virtually no hard experimental evidence from
which to infer the possibility that the mechanism (or
stoichiometory) of proton-pumping varies depending upon
substrate structures. Degli Esposti and colleagti8sZ0
reported that electron-accepting and proton-pumping activi-
ties of exogenous Q analogues, which possess different tail
structures but an identical substitution pattern of the quinone
ring, are not comparable. To examine the above possibility,
however, comparison of the two activities among the

13.
14.
15.
16.

17.

112 4728-4731.

Yu, C. A, Gu, L., Lin, Y., and Yu, L. (1985Biochemistry
24, 3897-3902.

He, D. Y, Gu, L. Q., Yu, L, and Yu, C. A. (1994)
Biochemistry 33880-884.

He, D. Y., Yu, L., and Yu, C. A. (1994). Biol. Chem 269,
27885-27888.

Estornell, E., Fato, R., Pallotti, F., and Lenaz, G. (198BS
Lett 332 127-131.

Degli Esposti, M., Ngo, A., Ghelli, A., Benelli, B., Carelli,
V., McLennan, H., and Linnane, A. W. (1998)ch. Biochem.
Biophys 330, 395-400.

18. Degli Esposti, M., Gabrielle, A. N., McMullen, G. L., Ghelli,

compounds used by these authors is not necessarily adequate

not only because the structure of the quinone ring moiety is
not varied, but also because less hydrophobic Q analogues
interact incompletely with the physiological Q reduction site
(18), making the comparison very complicated. To over-
come these limitations and considering the structural speci-
ficity of the Q reduction site in bovine complex | revealed
in this study, Q analogues synthesized here should be good
probes to examine this issue. On the basis of comparison
of structure/activity profiles for electron-accepting and
proton-pumping activities, it was revealed that the two
activities are comparable irrespective of wide structural
variations of the Qs. This finding strongly suggests that the
proton-pumping mechanism is identical or at least not
significantly different, regardless of the substrate structure.

In conclusion, in the present study, we developed novel
procedures for the synthesis of any alkyl derivative of short-
chain Q. Using a variety of Qs obtained by these procedures,
it was demonstrated that the Q reduction site in bovine
complex | is sufficiently spacious to accommodate a bulky
substrate and that the quinone ring and side-chain moieties
contribute interdependently to binding interaction. The
mechanism of redox-driven proton-pumping of the enzyme
does not differ significantly depending upon the substrate
structure.
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