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ABSTRACT: Cytochromebo is a four-subunit terminal ubiquinol oxidase in the aerobic respiratory chain
of Escherichia colithat vectorially translocates protons not only via directed protolytic reactions but also
via proton pumping. Previously, we postulated that a bound quinone in the high-affinity quinone binding
site (Qy) mediates electron transfer from the low-affinity quinol oxidation sitg) (i@ subunit 1l to low-

spin hemeb in subunit | as an electron gate and a transient electron reservoir [Sato-Watanabe, M., Mogi,
T., Ogura, T., Kitagawa, T., Miyoshi, H., Iwamura, H., and Anraku, Y. (1994bBiol. Chem 269,
28908-28912]. In the present study, we carried out screening of ubiquinone analogues using a bound
ubiquinone-free enzymeAUbiAl) that has been isolated from a ubiquinone biosynthesis mutant, and
identified PC24 (2-chloro-4,6-dinitrophenol), PC32 (2,6-dibromo-4-cyanophenol), and PC52 (2-isopropyl-
5-methyl-4,6-dinitrophenol) as potentyQite inhibitors. PC15 (2,6-dichloro-4-nitrophenol) and PC16
(2,6-dichloro-4-dicyanovinylphenol), potent Qite inhibitors, did not exhibit such a selective inhibition

of the Q, site. Binding studies using the air-oxidiz&dUbiA enzyme showed that PC32 and PC52 have

4- to 7-fold higher affinity than ubiquinone-1. Reconstitution of thes@e with PC32 and PC52 resulted

in a decrease of the appar&fit.x value to 1/7 and 1/3, respectively, of the control activity. These findings
suggest that structural features of the &d Q sites are different, and provide further support for the
involvement of the Q site in intramolecular electron transfer and facile oxidation of quinols at the Q
site.

Cytochromebois one of three terminal ubiquinol oxidases for proton pumping and dioxygen reduction (3, 4). Photo-
in the aerobic respiratory chain &scherichia colithat is affinity cross-linking studies using an azido-quinone deriva-
expressed predominantly under highly aerated growth condi-tive (2) and analysis of quinone analogue-resistant mutations
tions (1). It catalyzes the two-electron oxidation of quinols (Sato-Watanabe et al., unpublished results) showed that a
at the periplasmic side of subunit Il (2; Sato-Watanabe et |o\-affinity quinol oxidation site (Q) resides in subunit I1.
al., unpublished results) and the four-electron reduction of g,pynits 11l and IV are required for assembly of the redox

molecular oxygen to water at the heme-copper binuclear oa| centers in subunit | (9) but not involved in catalytic
center in subunit | (3, 4). The enzyme belongs to the heme'functions (10)

copper respiratory oxidase superfamily (5), and vectorially
translocates protons not only via directed protolytic reactions Cytochrome bc; complex (quinol:cytochromec oxi-
but also via proton pumping mechanism (6). doreductase; gand @; 11,12), photosynthetic reaction center
Subunit | binds all the redox metal centers, low-spin heme (Qa and Q; 13,14), and Complex Il (succinate:quinone
b, high-spin hem® and Cw, and serves as a reaction center oxidoreductase and quinol:fumarate oxidoreductas@a®;
15,16), which utilize quinols as electron carriers, all contain
T This work was supported in part by Grants-in-Aid for Scientific

Research on Priority Areas (08249106 and 09257213), for Scientific two quinone/quinol binding sites. Because electron donors

Research (B) (08458202), and for Exploratory Research (08878097) for cytochromebo are hydrophobic quinols, there must be
from the Ministry of Education, Science, Sports and Culture, Japan. an electron gate that connects two-electron, two-proton redox
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benzoquinoneAUDbIA, the wild type cytochroméo isolated from a stabilized as ubisemiquinone radical during the catalytic cycle

ubiquinone-deficient mutant; HQNO, heptyl hydroxyquinolidesxide; (18). The bound quinone undergoes double reduction
Qn, ubiquinone-n; @H, ubiquinol-n; Q, a high-affinity quinone foll db ion but d | f h
binding site; Q, a low-affinity quinol oxidation site; TX100 enzyme, ~ 10/l0wed by protonation but does not leave from t e <lte.

the wild-type cytochroméo purified in Triton X-100. These properties suggest that a uniqgue mechanism for the
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quinol oxidation is operative in bacterial quinol oxidases,
and the @ site mediates electron transfer from the €te

to low-spin hemeb, not only as an electron gate but also a
transient electron reservoir (18).

In the present study, we explored structural features of
the Q site through screening of the poteng §ite inhibitors
using a bound quinone-free enzyme isolated from a ubiquino-
ne deficient mutantAubiA), and demonstrated that these
compounds have higher binding affinities than ubiquinone-1
(Q.) and inhibit oxidase activity in a noncompetitive manner
when introduced in the site. These observations support
the previous proposal that the bound quinone at thesi@
mediates electron transfer from the §te to low-spin heme
b (18).

MATERIALS AND METHODS

Chemicals 2,6-Dimethyl-1,4-benzoquinone (DMBQ) was
obtained from Tokyo Kasei Company (Tokyo). Ubiquino-
ne-1 (Q) was a generous gift from Dr. S. Ohsono of Eisai
Company Ltd. (Tsukuba). Substituted phenols<{22) and
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Ficure 1: Effect of PC32 on gH, oxidase activity of the wild-
type andAUbIA enzymes. The wild-type (square) ardJbiA
(circle) enzymes were preincubated with PC32 at final concentra-
tions as indicated for 1 and 10 min, respectively. Oxidase activity
was determined in 50 mM Tris-HCI (pH 7.4) containing 0.1%
sucrose monolaurate with;g, at a final concentration of 50M.

The control values of the wild-type amlUbiA enzymes are 32
and 29umol QH, oxidized/nmol enzyme/min, respectively.

The Ky values of quinone analogues at thg €ite were

capsaicins (22) were synthesized as described preViO_USWdetermined by double-reciprocal plot analysis of Abs2

bishi-Kagaku Foods Company (Tokyo). Other chemicals are
commercial products of analytical grade (17,23).

Purification of Cytochrome ho The wild-type enzyme
with a bound Qwas isolated from a cytochronte-deficient
mutant GO103dyo" Acyd:Km'; 24) harboring a single copy
vector pMFO2 ¢yo" Ap'; 7), and stored in 50 mM Tris-
HCI (pH 7.4) containing 0.1% sucrose monolaurate. The
AUDIA enzyme, which is free from any bound ubiquinones,
was purified from a ubiquinone biosynthesis mutant MU1227
(cyo™ cyd" AubiA::Cm; 25) harboring pMFO4dyact Ap';
26). The TX100 enzyme was similarly prepared by purifica-
tion in Triton X-100, and stored in 50 mM Tris-HCI (pH
7.4) containing 0.1% Triton X-100. Concentrations of the
enzymes were estimated from heme content (27).

Quinol Oxidase AssayUbiquinol-1 (QH,) oxidase activ-
ity was determined spectroscopically at 25 as described
previously (23). The reaction mixture contains 1 nM
enzyme, 50 mM Tris-HCI (pH 7.4), and 0.1% sucrose
monolaurate, and the reaction was started by additionldf Q
at a final concentration of 5Q«M. The activity was

Reconstitution of the QSite The AUbIA enzyme (25
nmol) in 2 mL of 50 mM Tris-HCI (pH 7.4) containing 0.1%
sucrose monolaurate was incubated overnight on ice with
guinone analogues at the final concentration of 1 mM. The
enzyme was incubated with 40% poly(ethylene glycol) 4000
for 30 min on ice, and recovered by centrifugation at 100 000
x g and at 4°C for 1 h. Excess amount of the precipitant
was removed by dialysis of the supernatant againk of
the same buffer at 4C for 2 days with two changes.

RESULTS

Screening of Potent(SBite Inhibitors To probe structural
features of the Q site, we examined effects of quinone-
related inhibitors on ¢H, oxidase activity of theAUbiA
enzyme where the (Xxsite is freely accessible to exogenous
ligands (17). We determined the concentrations of substi-
tuted phenols and ubiquinone analogues required for 50%
inhibition of the activity (sq) (Tables 1 and 2). Among 28
substituted phenols examined, thgvalues of theAUbiIA

calculated with a molar extinction coefficient of 12 250 at enzyme for PC24, PC32, and PC52 were 5- to 10-times
275 nm for an oxidized form of ubiquinones (28). Effects smaller than those of the wild type enzyme (Table 1). In
of quinone analogues were examined after preincubation of quinone analogues, capsaicins more strongly inhibited the

the enzyme at 25C for 1 min. Double-reciprocal plot
analysis was carried out at final;, concentrations from
25 to 150uM. The Iso values, defined as the inhibitor

AUDIA enzyme (Table 2). These compounds are potential
Qu site inhibitors that exert their effects on the quinol
oxidation through specific binding to they(site of the

concentrations that decrease the oxidase activity to 50% of AUbIA enzyme. In fact, we were able to observe a biphasic

the control activity, were determined graphically.

Determination of I Values of Quinone AnaloguedS.he
AUDbIA enzyme (2.5 nmol) in 1 mL of 50 mM Tris-HCI (pH

concentration dependence of the residual activity on PC32
(Figure 1) and PC52 (data not shown). The low-affinity
components showed thigy values comparable to thig

7.4) containing 0.1% sucrose monolaurate was incubatedvalues of the wild-type enzyme. The high-affinity compo-
overnight on ice with quinone analogues at final concentra- nents, therefore, are attributable to the binding of quinone
tions of 0.5 to 2QuM. The wild-type enzyme was treated analogues to the Qsite. Incomplete inhibition observed
similarly with quinone analogues at final concentrations of for the AUbIA enzyme at the lower concentrations is likely
10 to 200uM. Absolute spectra of the air-oxidized enzymes due to dynamic binding equilibrium and to insufficient
were recorded with a Shimadzu UV-3000 spectrophotometer preincubation of the enzyme with the inhibitors to attain the
(Shimadzu Company, Kyoto). Digital outputs were pro- equilibrium state. Prolonged incubation (i.e., 10 min) seemed
cessed as described previously (26), and quinone analogueto result in the exchange of the bound & the wild-type
bound minusunbound difference spectra were calculated. enzyme with the high-affinity inhibitors (data not shown).
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Table 1: Concentrations of Substituted Phenols Required for 50% Inhibitiontdf Qxidase Activity of the Wild-Type (WT) andUbiA
Enzymes

substituting group Is0 (MM) Ratio
compound X Xa Xe Xs WT AUDIA WT/AUDbIA

PC11 Cl H Cl 173 107 1.6
PC12 Cl Cl Cl 105 151 0.70
PC13 Cl CN Cl 15 12 1.3
PC15 Cl NG Cl 9.6 16 0.60
PC16 Cl CH=C(CN), Cl 45 11 0.41
PC23 | NQ I 19 23 0.83
PC24 Cl NQ NO; 23 4.5 5.1
PC25 Cl Br NQ 170 164 1.0
pC27 CH NO, CHs; 72 56 1.3
PC32 Br CN Br 36 4.8 7.5
PC33 | CN I 25 72 0.35
PC34 Cl CN Br 11 12 0.92
PC35 Cl CN I 35 13 2.7
PC36 Cl CN H 22 45 0.49
PC42 Br CH=C(CN), Br 37 43 0.86
PC43 | CH=C(CN), | 74 121 0.61
PC44 Br CH=C(CN), CH;O 68 36 1.9
PC45 | CH=C(CN), CH;O 36 37 0.97
PC46 Cl CH=C(CN), CHs; 149 153 0.97
PC51 CH(CH) NO, NO; 57 54 11
PC52 CH(CH) NO, NO; CHs 74 7.2 10
PC53 CH(CH)CH,CH;z NO, NO; 61 42 15
PC54 CHCH(CHs), NO, NO; 58 78 0.74
PC62 CH(CH)CH,CH;z NO, CH(CH;)CH,CH; 154 164 0.94
PC63 CH(CH)CH,CHjs NO, CH;O 35 81 0.43
PC64 Cl H NQ 58 143 0.41
PC66 Br Br NQ 69 64 11
PC67 | COOH I 76 153 0.50

Table 2: Concentrations of Quinone Analogues Required for 50% oxidized AUbIA enzyme is 3 nm red-shifted relative to the

Inhibition of Q:H, Oxidase Activity of the Wild-Type (WT) and peak value of the wild-type enzyme, and it can be restored
AUDBIA Enzymes by addition of excess amount of QUpon addition of PC24,
5o (MM) Ratio PC32, and PC52 to theUbiA enzyme, the Soret peak was
Compound WT AUDIA WT/AUDIA also shifted from 412 to 409 nm (Fiata not shown). Quinone
5O 9 > 13 analogue boundhinusunbound difference spectra shovx_/ed
methyl BQ 6.8 a1 0.17 a peak at 406 nm and a trough at 422_ nm, and changg in the
2,6-dichloro-BQ 8.0 21 0.38 absorbance difference Als 4>, exhibited a saturation
g,g-g:mg:gl gg 2(i.73 fg 3'23 behavior (Figure 2). The wild-type enzyme showed a similar
2:5-dimethyl BO 37 39 0.09 spe_ctral change to a_much smaller extenb%o). DoubIe_—
tetramethyl BQ 320 415 0.77 rempr_ocal plot analysis of Ab&r422\/_ersus the con_centratlon
ubiguinone-0 83 64 1.3 of quinone analogues yielded a linear correlation, and the
ﬂgr’i\cl:(i)din A iz; ii 2.27 Kq values for Q, PC24, PC32, and PC52 were determined
antimycin A 6 367 015 to be 2.1, 20, 0.3, an_d OﬁM respectively _(Flgure 3)
DCMU 172 334 0.51 Unexpectedly, at the air-oxidized state, the binding affinity
fumigacin 240 130 1.9 of PC24 was much weaker than that of Q
ggggg:gm Egﬁggg 328 %8 421:2 Effect of Bound Substituted Phenols at thg Site on

Quinol Oxidase Actity. Subsequently, we reconstituted the
In contrast, thds values of the potent Qsite inhibitors ~ Qu site of theAUbIA enzyme with either PC32 or PC52,
(i.e., PC15 and PC16) showed insignificant difference. and examined their effects on the kinetic parameters;bQ
HQNO (heptyl hydroxyquinolineN-oxide), which mimics oxidase activity. Absolute spectra of th&UbiA and
the ubisemiquinone radical, did not exhibit selective inhibi- reconstituted enzymes were recorded in the presence and
tion of the Q site (Table 2). Methyl BQ, 2,6-dimethyl BQ, absence of 1 mM @ and the reconstitution yields were
2,5-dimethyl BQ, and antimycin A showed thg ratios of estimated to be 93 and 98%, respectively, based on the
<0.5 (Tables 1 and 2), indicating that tiéJbiA enzyme absorbance change of Aps 4z, in the PC32- and PC52-
was more resistant to these quinone analogues. This resulteconstituted enzymes relative to the control value in the
can be explained by structural perturbation of the&d AUDIA enzyme. Double-reciprocal plot analysis demon-
Q4 sites in theAUbIA enzyme that has been synthesized in strated that the appareWiia, values of the PC32- and PC52-
the ubiquinone biosynthesis mutant (17). In conclusion, reconstituted enzymes were reduced to about 1/7 and 1/3,
molecular recognition of the Qsite is different from that  respectively, of thAUbiA enzyme (Figure 4). In contrast,
of the Q_ site. the apparenk, value for QH, changed only slightly by
Binding of Potent Q Site Inhibitors to theAUbiA Enzyme the bound substituted phenols (i.e., 65 tq84). Variations
As reported previously (17), the Soret peak of the air- of theK,, values of theAUbiA enzymes from the wild-type
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Table 3: Properties of theg£Bound and @Free Enzymeés

Q:H, oxidase
Qs content abs. maximum (nm) Vinax
preparation (mol/mol enzyme) -Q +Q1 Km (uM) («mol/nmol enzyme/min)
Qgs-bound 1.03 409 409 47 26.7
Qs-free
(AUbIA) <0.01 412 409 65 235
(TX100) 0.13 410 406 26 9.1
138 21.4

aThe Q-free enzyme (TX100) was purified in the presence of Triton X-100 in place of sucrose monolaurate, and stored in 50 mM Tris-HCI (pH

7.4) containing 0.1% sucrose monolaurate. The absorption maximum of the air-oxidized enzymes was recorded before and after overnight incubation

of the enzymes with 1 mM Q Qs content and ¢H, oxidase activity were determined as describeMaterials and MethodsAverage values of

two independent preparations are shown.

(A) Wild-type (C) AUbiA+PC32

406

+

aamTw_Ql._

0.02
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(B) AUbIA+Q, (D) AUbIA+PC52

406
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422 422V
380 400 420 440 380 400 420 440
Wavelength (nm)

Ficure 2: Effect of quinone analogues on the Soret peak of the
air-oxidized wild-type andAUbIiA enzymes. The wild-type and
AUDIA enzymes (2.54M) were incubated overnight on ice with
qguinone analogues at final concentrations of 10, 100, ang:200
and 0.5, 1, 2, 4, 8, and 20M, respectively. Absolute spectra of

o
)

(umol/nmol enzyme/min)-1

I
IS
M-

[QHaI ! (uM)]

Ficure 4: Kinetic analysis of @H, oxidase activities of thAUbiA
enzyme reconstituted with either PC32 or PC52. Oxidase activity
of the wild-type (square) andUDbiA (circle) enzymes at a final
concentration of 1 nM and of tteUbiA enzyme reconstituted with
either PC32 (triangle) or PC52 (diamond) at a final concentration
of 4 nM were determined in the presence ofHR at final
concentrations of 25150 uM.

(data not shown), indicating that the free substituted phenol,
which may be present in detergent micelles or released from
the reconstituted enzymes, is not responsible for the decrease
of turnover rate in the reconstituted enzymes. Thus,
noncompetitive inhibition of @H, oxidase activity by the
bound substituted phenols strongly suggest that the bound

the air-oxidized enzyme were recorded at room temperature, andubiquinone at the Qsite is involved in electron transfer from

analogue-boundhinusunbound difference spectra were calculated.

(=)}

w

(Absg06-422/pmol enzyme)-!

(uM)1

Ficure 3: Double-reciprocal plot analysis of binding of quinone
analogues to the @Qsite of the AUbIA enzyme. Changes in
absorbance difference (ARs-422) induced by addition of @
(circle), PC24 (square), PC32 (triangle), and PC52 (diamond) to
the AUDbIA enzyme were plotted against concentrations of free
quinone analogues.

control (Table 3) (17) indicate the importance of a farnesyl
side-chain of ubiquinols in binding into the;@ite. A 0.5:5

nM mixture of the wild-type and PC32-reconstituted enzymes
showed the activity comparable to 1 nM wild-type enzyme

the Q site to low-spin hemd. However, it is not clear
why the Vi« Value of the PC52-reconstituted enzyme was
reduced to only 1/3 of the control activity. During quinol
oxidase assay, the reduced enzyme may release the bound
PC52 at the enzyme concentration (1 nM) well below the
Kg value of PC52 (0.54M), and bind free @ or Q;H;
molecules in the reaction mixture.

Effects of Remal of Bound @ on Spectroscopic and
Enzymatic Properties of Cytochrome bdhe bound @
free wild-type enzyme can be prepared by isolation from
the ubiquinone biosynthesis mutanubiA using sucrose
monolaurate (17) or by purification in the presence of Triton
X-100, one of stronger nonionic detergents (10, 29, 30). We
reported previously that the former preparation (sucrose
monolaurate-purifiedUbiA enzyme) completely lacks the
bound Q and shows perturbations of low-spin heimand
the Q site (17, 18). The absence of the boungli@both
preparations induced red-shifts of the Soret peak of the air-
oxidized enzymes that can be reversed by incubation of the
enzyme with the excess amount of added (Qable 3).
Furthermore, the latter preparation (TX100 enzyme) repro-
ducibly showed a peculiar concentration dependence in the
Soret peak change (data not shown) and a biphagit;, Q
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E 0.2 (Epp +70 mV)
E
20! _ Cytoplasm 1
7 — H,O |1/20,+2H*
0 0.05 0.1
[QHaI ! (uM)-! FiGure 6: Schematic model of cytochrom® showing relative

locations of two quinone/quinol binding sites and three redox metal

Ficure 5: Kinetic analysis of H, oxidase activity of theAUbiA centers. See details in text.

enzyme (circle) and the wild-type enzyme purified in sucrose
monolaurate (square) or Triton X-100 (triangle). . ) . . ) .
are inconsistent with the idea that the ®ite stabilizes

oxidation kinetics withK, values of 26 and 138M (Table ~ ubisemiquinone during enzyme turnover. Rather, thei@
3, Figure 5) The TX100 enzyme has been reported to haveappears to function as a transient electron reservoir and an
the Soret peak maximum and steady-state kinetics similar€lectron gate that ensures sequential one-electron transfer
to the Q-bound enzyme (30); however, our data suggest that from ubiquinols, two-electron donor, to low-spin herbge

Triton X-100 not only removes a tightly bounds@om one-electron redox component (Figure 6). Rapid two-
cytochrome bo but concomitantly alters the enzymatic electron transfer from ubiquinol in the Gite, to the bound
properties. quinone in the Q site facilitates dynamic equilibrium with
membrane ubiquinol pool and prevents formation of ubisemi-
DISCUSSION quinone at the Qsite which may produce oxygen radical at

the protein surface. Transient appearance of ubisemiquinone

Structgral Features of the 'Q.S'te.' Screening of a series during the oxidation of the potentiometrically poised enzyme
of substituted phenols and ubiquinone analogues using the

bound Q-free (AUbiA) enzyme identified PC24, PC32, and (18) and noncompetitiye inhibition of ®, o_xidasg activity

PC52 as the potenty(xite inhibitors. Binding studies with 2.~ ¢32 (and PC52|) 'Q”c"ﬁlucgd '”(;he* SQite (this study)

the air-oxidizedAUbiA enzyme demonstrated that PC32 and support our proposal that the bound quinone Is an intrinsic

PC52 have 4- to 7-fold higher affinity for the.Gite than electron-transfer component in the heme-copper terminal

the oxidized form of substrate, ;Q The potent Q site quinol oxidases and mediates electron transfer from the Q
1 l

S / site to low-spin hemd (33, 34). Thus, the fully reduced
inhibitors such as PC15 and PC16 (23) did not show such a g . )
selective inhibition of the Qsite. Furthermore, thAUbIA enzyme can complete the four-electron reduction of molec

enzyme, which has been folded in vivo in the absencesof Q ular oxygen to water by providing the fourth electron from

e ) the bound quinol, like a binuclear purple copper centerJCu
molecules, became less sensitive to methyl BQ, 2,6-dimethyl . .
BQ, 2,5-dimethyl BQ, and antimycin A than the wild-type of cytochromec oxidase (35). Recent flow flash studies on

enzyme. This result is probably due to structural perturbation the reaction of the fully reduced enzyme with moIecu_Iar
of the nearby Q site (17). Therefore, it is concluded that oxygen s_upported electron transfer from the bound quinol
. o P o : to low-spin hemeb (29, 36).
molecular recognition by two quinone/quinol binding sites i o .
in cytochromebo is different. However, unlike the (site The presence of a tightly bound ubiquinone in cytochrome
inhibitors (23), it is difficult to identify structural factors of ~ b0 from E. coli (17, 29, 30, 36) and cytochrontig from
substituted phenols required for specific binding to the Q Paracoccus den|tr|f|qan§37) |nd|c_ates t_he fun(_:tlonal im-
site because of limited numbers of available structurally Portance of the Q site in bacterial quinol oxidases. In
related compounds. Nevertheless, in 4,6-dinitrophenols, acontrast to our proposal, Musser et al. (38, 39) postulated
2-chloro derivative (PC24) showed the highest inhibitory that the proton motive Q cycle is operative in cytochrome
activity, but 2-alkyl derivatives, potent inhibitors for mam- Pofor vectorial translocation of protons. The boungd@n
malian NADH dehydrogenase and cytochrobsecomplex ~ Pe removed from cytochront® by stronger detergents such
(20, 31), are not effective for the,Gite except 2-isopropyl- @S Triton X-100 (29, 30). However, unlike the,@nd Q
5-methyl derivative (PC52). sites of cytochromebc, complex, the Q site is not in
Functional Role of the @Site The proximity of the Q dynamic equilibrium with membrane quinol pool (17). This
site to low-spin hemé in subunit | has been shown by Property ensures the enzyme from abortive catalytic cycle
optical and resonance Raman spectroscopic studies (17) (se@ue to release of either ubisemiquinone or ubiquinol from
Figure 6). Small perturbation of the Gite in theAUbIiA the Q site. Furthermore, full reduction of the bound quinone

enzyme indicates that the@ite is also close to the,Gite at the Q site (18, 36) indicates that cooperation of two
in subunit 11 (17; unpublished results). Potentiometric studies duinone/quinol binding sites in cytochrorheis carried out
on the wild-type enzyme with a single bound @olecule in a manner different from photosynthetic reaction center

showed that the bound quinone at the, Gite can be (-, Qv and @ sites).

stabilized as the ubisemiquinone radical and undergoes In conclusion, cytochromieo contains two quinone/quinol
double reduction followed by protonation (18). Similar binding sites with different binding affinity, and a unique
behaviors of the semiquinone radical in the presence ofredox mechanism is operative in a cooperative manner
excess amount of {have been reported (32). These findings between the Qand @ sites to carry out the oxidation of
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quinols in subunit Il and one-electron transfer to the metal
centers in subunit | (Figure 6).
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