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Cytochrome bd is a heterodimeric terminal ubiquinol oxidase of Escherichia coli
under microaerophilic growth conditions. The oxidase activity shows sigmoidal
concentration-dependence with low concentrations of ubiquinols, and a marked
substrate inhibition with high concentrations of ubiquinol-2 analogs [Sakamoto, K.,
Miyoshi, H., Takegami, K., Mogi, T., Anraku, Y., and Iwamura H. (1996) J. Biol. Chem.
271, 29897-29902]. Kinetic analysis of the oxidation of the ubiquinol-2 analogs, where
the 2- or 3-methoxy group has been substituted with an azido or ethoxy group, suggested
thatits peculiar enzyme kinetics can be explained by a modified ping-pong bi-bi mechan-
ism with the formation of inactive binary complex FS in the one-electron reduced
oxygenated state and inactive ternary complex (E5S)S” on the oxidation of the second
quinol molecule. Structure-function studies on the ubiquinol-2 analogs suggested that
the 6-diprenyl group and the 3-methoxy group on the quinone ring are involved in the
substrate inhibition. We also found that oxidized forms of ubiquinone-2 analogs served as
weak noncompetitive inhibitors. These results indicate that the mechanism for the
substrate oxidation by cytochrome bd is different from that of the heme-copper terminal
quinol oxidase and is tightly coupled to dioxygen reduction chemistry.

Key words: cytochrome bd, quinol oxidase, quinone analog, respiratory chain,
steady state kinetics.

Abbreviations: Q;, 2,3-dimethoxy-5-methyl-6-n-monoprenyl-1,4-benzoquinone (ubiquinone-1); Qs, 2,3-
dimethoxy-5-methyl-6-n-diprenyl-1,4-benzoquinone (ubiquinone-2); 2-amino- or 3-amino-Q,, 2-amino or
3-amino derivative of Qy (isorhodoquinone-2 and rhodoquinone-2, respectively); 2-azido-Qy and 3-azido-Qs,
2-azido and 3-azido derivatives of Qy (azidoquinone-2); Q,H,, a reduced form of Q,; HQNO, 2-heptyl-

hydroxyquinoline-N-oxide.

Cytochrome bd (CydAB) is a hetero-dimeric ubiquinol
oxidase in the aerobic respiratory chain of Escherichia
coli, and is predominantly expressed under microaerophi-
lic growth conditions (I-3 for reviews). It catalyzes dioxy-
gen reduction with two molecules of ubiquinol-8 (QgHs)?,
leading to the release of four protons from quinols into the
periplasm. Through a putative proton channel, four pro-
tons used for dioxygen reduction are taken up from the
cytoplasm and delivered to the dioxygen reduction site
at the periplasmic side of the cytoplasmic membrane (4).
During dioxygen reduction, cytochrome bd generates an
electrochemical proton gradient (ApH and membrane
potential) across the membrane through apparent trans-
membrane movement of four chemical protons (5-7). In
contrast to cytochrome bo, an alternative oxidase under
highly aerated growth conditions, cytochrome bd has
no proton pumping activity and does not belong to the
heme-copper terminal oxidase superfamily.
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On the basis of spectroscopic and ligand binding studies,
three distinct redox metal centers have been identified as
heme bs53, heme bs95, and heme d (8 for a recent review).
Topological analysis suggested that all the hemes are
located at the periplasmic side of transmembrane helices
(4). Heme b55g is a low-spin protoheme IX, and is ligated by
His'®8 (helix V) and Met®?? (helix VII) of subunit I (CydA)
(9). Heme bs555 is in close proximity to the quinol oxidation
site and serves as an electron acceptor for quinols (10, 11).
Heme bsos is a high-spin protoheme IX bound to His!®
(helix I) of subunit I (9), and mediates electron transfer
from heme b555 to heme d (12-15). Heme d, where dioxygen
is reduced to water is a high-spin chlorin bound to an
unidentified nitrogenous ligand (16-18), and forms a
di-heme binuclear center with heme b595 (18, 19). Heme
d exhibits extremely high affinity for dioxygen (19-21), and
in the air-oxidized state heme d mainly exists in an oxy-
genated form [Fe(I)-Oy; 80%>] (22—24) and partly an oxo-
ferryl form [Fe(IV)=0] (25).

Photoaffinity cross-linking studies with 2-methyl-3-azido-
5-methoxy-6-(3,7-dimethyl  [*H]octyl)-1,4-benzoquinone
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(26) and the decrease in the oxidase activity upon either
binding  of  monoclonal antibodies  to 252-
KLAATEAEWET-262 of subunit I (27, 28) or proteolytic
cleavage of subunit I with trypsin (Tyr?°) or chymotrypsin
(Arg?®) (29, 30) indicate the presence of a quinol oxidation
site in loop VI/VII (Q-loop) of subunit I. Currently, no
atomic structure for cytochrome bd is available, and the
structure of the quinol oxidation site remains unknown.

Cytochrome bd has been isolated from y-proteobacteria
(5, 31-35), and the steady state kinetics has been inter-
preted as being of a simple Michaelis type. The K,,, values
estimated for Q;Hs are 0.04-0.28 mM (5, 26, 31-36), and
the K, value for QaHs has been reported to be 0.05 mM for
the E. coli enzyme (26). Electron paramagnetic resonance
studies on the semiquinone anion (37) and inhibitor-
binding studies (38) are consistent with the presence of
a single quinol/quinone-binding site in cytochrome bd.
To probe the structural features of the quinone/quinol
binding sites in respiratory enzymes, we have synthesized
a series of Q3 analogues in which one of the alkyl groups on
the quinone ring has been replaced with another alkyl
group (39-41). Contrary to previous reports (5, 26,
31-36), our careful kinetic analysis with a wide range
of substrate concentrations revealed that the oxidase
activity of cytochrome bd shows sigmoidal concentration-
dependence with low concentrations of both Q;H, and
Q2Hs, and that it shows marked substrate inhibition
with QoHy analogs and decylbenzoquinols at high concen-
trations (39). Unlike cytochrome bo, the isolated cyto-
chrome bd does not contain a tightly bound Qg for the
oxidation of substrates supplied from the quinol pool in
the membrane. Such a structural difference at the quinol
oxidation site and the unusual stability of dioxygen reduc-
tion intermediates (22-25) would affect the kinetic
mechanism underlying the quinol oxidation by cytochrome
bd-type quinol oxidase.

In this study, we examined the peculiar enzyme kinetics
with Q2Hs analogs, in which the 2- or 3-methoxy group on
the quinone ring had been substituted with an azido or
ethoxy group (Fig. 1), and postulated a modified ping-pong
bi-bi mechanism with the formation of an inactive binary
complex, F'S, in the one-electron reduced oxygenated state
and an inactive ternary complex, (E2S)S”, on the oxidation
of the second quinol molecule. Such a mechanism would
be tightly coupled to dioxygen reduction chemistry, and

Q2 : R1 = Rg = OCH3
2-Azido-Q5 : Ry = N3, Ry = OCHg
2-Amino-Q, : Ry = NH,, Ry, = OCH3
2-Ethoxy-Qs : Ry = OCH,CHs, R, = OCHj3
3-Azido-Q, : Ry = OCHg, Ry = N3
3-Amino-Q, : Ry = OCHs, Ry = NH,
3-Ethoxy-Qs : Ry = OCH3, Ry = OCH,CH3

Fig. 1. Structures of Q; analogs used in this study.
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different from that of the heme-copper terminal quinol
oxidase, cytochrome bo (38—40).

MATERIALS AND METHODS

Syntheses of Q> Analogues—The synthesis of
2-ethoxy-Q2 (2-ethoxy-3-methoxy-5-methyl-6-n-diprenyl-
1,4-benzoquinone) and 3-ethoxy-Q, (2-methoxy-3-ethoxy-
5-methyl-6-n-diprenyl-1,4-benzoquinone) was described
previously (39). 2-azido-Qs, 3-azido-Qs, 2-amino-Q,
(isorhodoquinone-2), and 3-amino-Q, (rhodoquinone-2)
were prepared according to Sakamoto et al. (41). Q; was
a kind gift from Eisai Co. (Tokyo, Japan). Reduced forms of
ubiquinones were prepared by the method of Rieske (42).

Purification of Cytochrome bd—The enzyme was isolated
from cytochrome bd—overproducing strain GR84N/pNG2
(43), a generous gift from R. B. Gennis (Univ. of Illinois),
as described previously (14). The concentration of the
enzyme was calculated from the Soret absorption of
the air-oxidized form by using a millimolar extinction coef-
ficient of 223 mM™ cm™ (44). The purified enzyme in
50 mM potassium phosphate (pH 6.8) containing 0.1%
sucrose monolaurate SM-1200 (Mitsubishi-Kagaku Foods
Co., Tokyo) was stored at —80°C until use.

Quinol Oxidase Assay—The enzyme activity was deter-
mined spectrophotometrically. The reaction mixture (1 ml)
comprised 50 mM Tris-HCI (pH 7.3), 0.1% sucrose mono-
laurate, and 40 nM cytochrome bd. The reaction was
started by the addition of a quinol in an ethanol solution
at a final concentration of 0.14 mM. The enzyme activity
was determined at 25°C by recording the absorbance
change at 278 nm for QgH,, 2-ethoxy-QsHs; and
3-ethoxy-QoH,, and at 287 nm for 2-azido-Q.H, and 3-
azido-QoH, with a JASCO V-550 UV/Vis spectrophot-
ometer (39). Calculation of the steady state reaction rate
and data analysis were carried out with Mathematica
(Wolfram Research, Inc.) and Origin ver. 7 (OriginLab,
MA), respectively.

RESULTS

Kinetic Analysis of the Oxidation of Q2Hs Analogs by
Cytochrome bd—We examined spectrophotometrically the
concentration-dependence of the electron-donating activity
of Q2Hy analogs and found sigmoidal behavior with low
concentrations of all substrates examined in this study
(Fig. 2). Because of the auto-oxidation of low-potential qui-
nols under aerobic assay conditions, we did not study the
oxidation of rhodoquinols (2- or 3-amino-Q2Hy). In contrast
to Q:H,, a shorter isoprenyl tail analog, all the Q,H, ana-
logs showed substrate inhibition at higher concentrations.
Partial relief of the substrate inhibition for 3-azido- and 3-
ethoxy-QoHs (Fig. 2, D and F) indicates that in addition to
the 6-diprenyl group the 3-methoxy group is partly
involved in substrate inhibition. Because of its poor solu-
bility in buffer, we are unable to carry out kinetic analysis
with the native substrate, QsHs. In a similar concentration
range for Q;H, and QsHy analogs, bo-type heme-copper
quinol oxidase, the alternative E. coli terminal oxidase
under highly aerated growth conditions, never exhibits
such sigmoidality or substrate inhibition (39, 40). Thus,
such a peculiar kinetics is a unique feature of bd-type
quinol oxidase.
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Fig. 2. Concentration dependence of the oxidation of Q:H, analogs by cytochrome bd. The oxidation of ubiquinols with the
indicated concentrations of Q;Hs (A), Q2Hy (B), 2-azido-QyHs (C), 3-azido-QoHy (D), 2-ethoxy-QoHs (E), and 3-ethoxy-QoHs (F) was

measured as described under “MATERIALS AND METHODS.”

On dioxygen reduction by cytochrome bd, the one-
electron—reduced oxygenated form and oxoferryl (1) inter-
mediate are unusually stable (22-25), so the oxidation
of two quinol molecules would be tightly coupled to the
four-electron reduction of dioxygen (Fig. 3A). As a simple
and plausible scheme to express the observed positive coop-
erativity with one substrate-binding site, we propose
Scheme 1. In Scheme 1, E; and E5 denote the one-electron
reduced, oxygenated form [(a) in Fig. 3], and oxoferryl-1
intermediate [(c) in Fig. 3], respectively. Although see-
mingly complicated, Scheme 1 is a modified ping-pong
bi-bi mechanism into which inactive conformers termed
“F (45)” and “FS” have been introduced. F is likely a
one-electron reduced, oxygenated form without labile
Met ligation for heme bs55 (11). Without the conformers
F and FS, the simple ping-pong bi-bi mechanism cannot
exhibit positive cooperativity.

Assuming a rapid equilibrium, the steady state reaction
rate was calculated based on Scheme 1 using Mathematica.
The rate equation is a complicated function of rate

Vol. 139, No. 4, 2006

constants (2, to k12) and the total enzyme concentration
(Ey), and their physical meanings are difficult to grasp. For
clarity, we arrange the rate equation as Eq. 1. Parameters
K1, Ko, Vimaxi, and V..o are assigned based on their
dimensions (46, 47), and are not defined for the specific
kinetic step in Scheme 1.

v = VmalemZ[S} + Vmax2 [S]2 (1)
KlemQ +Km2 [S] + [S}Q

When [S] >> 1 mM, Eq.1 can be approximated as
U~ Vipaxe [SI/(Kme + [S]). On the other hand, when [S]?
<< [S] with a low substrate concentration ([S] << 1 mM),
Eq.1 can be approximated as v &~ Vi [SI/(Kn1 + [SD.
Roughly speaking, V..o is the maximum velocity of
the quinol oxidation. The larger one of K,; or K.»
approximately corresponds to the substrate
concentration, which gives the half maximum velocity
when there is no substrate inhibition (e.g., with Q;H,) or
inhibitors.
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Fig. 3. Kinetic model for the dioxygen reduction by cyto-
chrome bd. (A) This study, and (B) Fig. 6 of Jiinemann et al. (32).

Scheme 1

In the cases of all QoHy analogs examined in this study,
we observed uncompetitive inhibition by substrates
at higher concentrations. Although we assume a single
catalytic site in cytochrome bd, substrate inhibition
seems to require the formation of a ternary complex,
(E2S)S", on the oxidation of the second ubiquinol molecule
(Scheme 2). The absence of substrate inhibition with Q,H,
indicates that the binding site for substrate inhibition
should recognize the diprenyl unit of the Q2H> analogs,
and would comprise part of the substrate-binding pocket
for the quinol oxidation site, allowing the cooperative inter-
actions. The rate equation can be expressed as Eq. 2, where

Y. Matsumoto et al.

kI l\g
th)S

Scheme 2

the apparent inhibition constant K" = k15K;"/V nax2, and
“n” indicates the Hill coefficient.

v = Vinax1 K [S} + Vi [S]Z (2)
KunKoa +KoalS] 8T+ ( (Lt )is)+15%) (i2)”

i

If we assume inhibitory-binding of n-S to enzyme species
E;S in addition to E5S in Scheme 2, very similar expression
is obtained (not shown, see Eq. 3). For fitting with actual
data sets, all the parameters were assumed to be positive,
and statistical weighting was applied when necessary for
stable convergence. The results of fitting calculation for
Vmax1 converged to zero or a very small number. Therefore,
we assume V.1 =0, and Eq. 2 can be modified as Eq. 2/,

2
v = VmaxZ [S} (2,)
Kok + KoalS) + (1+ ()")1s7?

The kinetic parameters for the ubiquinol oxidation were
recalculated with Eq. 2’ using Origin (solid lines in Fig. 2
and Table 1). The apparent K,,,; and K5 values for Q;H,
(0.073 and 0.077 mM, respectively) and Q2Hs (0.047 and
0.042 mM, respectively) are comparable to 0.04—0.28 mM
(5, 26, 31-36) and 0.05 mM (26), respectively, which have
been obtained by assuming simple Michaelis-type kinetics.
The value n (Hill coefficient) for the substrate inhibition
showed variation with different substrates. Although the
meaning of n is not clear, the values faithfully reflect the
observed inhibition curves in Fig. 2. The K,,; and K,
values for native type substrates (Q;Hy and Q;H,) are very
similar, thus Eq. 2’ for the oxidation of Q;Hy could be
further simplified to Eq. 2”.

maux[S]Z
K2 + K, [S] + [S)?

m

(2")

For reactions of the wild type cytochrome bd and eleven
Q-loop mutants with Q;H,, we obtained reasonable fitting
for kinetic data with Eq. 2” (i.e., R values of around 0.997),
and identified key residues involved in the binding and
oxidation of quinol molecules (T. Mogi et al., unpublished
results).

As found for cytochrome bo (39), increasing length of the
6-isoprenyl group on the quinone ring appears to increase
the binding affinity to cytochrome bd. The constants for
substrate inhibition are estimated to be around 0.1 mM,
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Table 1. Kinetic parameters for the oxidation of Q;H; analogs
by cytochrome bd.

Substrate Koy (M) Koo (M) Ve s K/ (mM) 2
Q:Hy 0.073 0.077 147 - -
Q2Hy 0.047 0.042 85 0.125 4.0
2-Ethoxy-QoH,  0.044 0.223 464 0.050 2.6
3-Ethoxy-Q.Hs  0.016 0.145 219 0.099 0.99
2-Azido-QoHo 0.073 0.007 60 0.108 6.2
3-Azido-Q2Hs 0.084 0.008 69 0.135 1.5

1<_ES<_E S

kIOS

Scheme 3

this being consistent with our assumption that binding of
the 6-diprenyl group causes substrate inhibition. Also, sub-
stitutions of the 3-methoxy group decrease the Hill coeffi-
cient and may weaken protein-substrate interactions.
Comparison of the kinetic parameters suggested the
presence of a linear correlation between the K, and
Vmax2 values (data not shown) for Q;Hs, Q2H, and ethoxy
derivatives of Q2Hy. Lowering of the affinity for substrates
increases the Vi ,.x2 value. Similar to cytochrome bo (39),
the 2-methoxy group appears to contribute more greately
to protein—quinone interactions at the quinol oxidation site
than the 3-methoxy group. In contrast, substitution of both
the 2- and 3-methoxy group with an azido group resulted in
small changes in the K,; and V. values, and a large
decrease in the K,,» value, suggesting that the binding
pockets for the 2- and 3-substituent groups may be spa-
cious enough to accommodate a rod-like azido group. This
finding proved that both azido derivatives are efficient sub-
strates for the enzyme, and these azidoquinols were used
for the photo-affinity labeling study for the identification of
the quinol oxidation site in cytochrome bd (48).
Inhibition of the @ ;Hs Oxidation by the Oxidized Forms
of Q2 Analogs—When an uncompetitive inhibitor (I) binds
to enzyme species E;S and EyS with a dissociation con-
stant, K; (Scheme 3), the rate equation can be expressed
as Eq. 3, where K{ = Ki/(1/kg + 1/k12)Vmaxe and Vi = 0

Vi [S)”
KuiKuz + KualS] + (14 () ) ISP

U=

3)

When a noncompetitive inhibitor (I) binds to enzyme
species Ei, E;S, Ey, and EsS with a dissociation constant,
K; (Scheme 4), the rate equation can be expressed as Eq. 4,
where Ki/ =(1- k3 k]_g/(kg + klz)(k4 + 2k6)) Ki and Vmaxl =0.
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kloS

Scheme 4

ksS
F <—FS

R

K; k;S
EI_.E1<_ES

k, l\g
kioS

EzS —> E2<—E2
Scheme 5

For simplicity, E; and E;-I, E;S and E;S‘I, E; and Ex'I, EoS
and EyS-I are assumed to be in rapid equilibrium, and
interconversion between E;-I and E;S:I, and between
Eo- T and E5S I on binding or dissociation of S was ignored.

VmaxZ [S ] z
2 / 2 1] (4)
KoKz + KualS] + (S + (o + BIS] + [S7) ()

Here, o/ and B’ can be expressed by the rate constants
(R ~ ky2).

When a competitive inhibitor (I) binds to enzyme species
E; and E, with a dissociation constant, K; (Scheme 5), the
rate equation can be expressed as Eq. 5, where K; =
Kil{(kiko(k11 + kia) + kiokiz (ko + ko)ky + 2ke) +
2kskiok1o (kg + k)M (k1(—kskiz + (kg + R12)(ky + 2ke))} and
Vmaxl =0.

U=

_ VmaxZ [S ] 2

v XK 2 / i
1Ko + KlS] + S + (5 + [S]) ()

(5)

Here, &' can be expressed by the rate constants (k; ~ k19).

Competitive inhibition (Eq. 5) can be discerned from
uncompetitive (Eq. 3) or noncompetitive (Eq. 4) inhibition,
because competitive inhibition does not alter the maximum
velocity, and a 1/v vs. 1/[S] plot with or without a compe-
titive inhibitor intersects on the vertical axes. Discrimina-
tion between uncompetitive and noncompetitive inhibition
is difficult at a glance. But in the case of Eq. 3, we can see
that the reaction velocity with or without an uncompetitive
inhibitor coincides where [S] is zero. This means that the
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Fig. 4. Concentration dependence of the oxidation of Q;Hy»
by cytochrome bd in the presence of inhibitors and the oxi-
dized forms of Q2 analogs. The ubiquinol oxidase activity was
measured with 0.17 mM Q;H, in the presence of HQNO (solid
circles), antimycin A (*), Q (inverted solid triangles), 2-azido-Qy
(solid squares), 3-azido-Qy (open squares), 2-ethoxy-Q (solid cir-
cles), 3-ethoxy-Qy (open circles), 2-amino-Qy (solid triangles), and
3-amino-Qy (open triangles).

velocity is also zero, and the 1/v vs. 1/[S] plot with or with-
out an uncompetitive inhibitor virtually does not intersect
in a finite range. On the other hand, in the case of Eq. 4, a
1/v vs. 1/[S] plot with or without a noncompetitive inhibitor
intersects where (o + p'[S] + [S]?) is zero. It may not always
true that o + B’ [S] + [S]2 = 0 has a solution of real number,
but it may be said that when a plot with or without an
inhibitor intersects on a 1/v vs. 1/[S] plot and the maximum
velocity is attenuated by the inhibitor, Eq. 4 should be
selected rather than Eq. 3.

We examined the effects of the oxidized forms of Q5 ana-
logs on the oxidation of Q;Hy at 0.17 mM and found that
they are weak inhibitors (Fig. 4). Among them, the inhibi-
tion by Q2 was negligibly low and no further analysis was
performed. In contrast to HQNO, the inhibition by anti-
mycin A and the Qz analogs appears to reach some level of
equilibration. 1/v vs. 1/[S] double reciprocal plot analysis in
the presence of HQNO showed an intercept on the y-axis,
indicating that HQNO serves as a competitive inhibitor
with a K; value of 3 uM (Fig. 5A). On 1/v vs. 1/[S] plot
analysis in the presence of various concentrations of
inhibitors, antimycin A and all Q2 analogs used in this
study were found to be noncompetitive inhibitors (Fig. 5,
B and C).

The inhibition constants for antimycin A and the Qq
analogs were estimated by means of 1/v wvs. [I] plots
(Fig. 6), but are relative values because K; is expressed
as Kill(kg + k12)(ky + 2ke)/{—ks k1g + (kg + k12)(ky + 2k6)}.
Since it is practically impossible to determine each of the
rate constants, we are unable to determine the K; value.
The K values for the oxidized forms are in the order of
antimycin A < 2-amino-Q; < 3-azido-Qz < 2-ethoxy-Qs < 3-
ethoxy-Qs, < 2-azido-Q3, 3-amino-Qs (cTable 2). In addition
to the size, the orientation of the substituting groups rela-
tive to the quinone plane and the effect on the redox poten-
tial (e.g., =150 mV decrease for 2- and 3-amino-Qs) would
affect the inhibitory potency of the Q2 analogs. The results
for the ethoxy-Qs analogs suggest that in contrast to
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Fig. 5. Double-reciprocal plot analysis of the inhibition of
Q:H; oxidation by Qs analogs. Q:H; oxidase activity was mea-
sured in the presence of HQNO (A) at the final concentration at 0
(solid circles), 8 (solid squares), and 16 uM (solid triangles); anti-
mycin A (B) at 0 (solid circles), 4 (solid squares), and 16 uM (solid
triangles); and 2-amino-Qz (C) at 0 (solid circles), 10 (solid squares),
and 40 uM (solid triangles).

cytochrome bo the binding pocket more strictly recognizes
a methoxy group at the 3-position than the 2-position.

DISCUSSION

Enzyme Kinetics of Cytochrome bd—The oxidation of qui-
nols by cytochrome bd from E. coli, Azotobacter vinelandii,
Klebsiella pneumoniae and Photobacterium phosphoreum
has been interpreted as being of the simple Michaelis-
Menten type for QH, and Q.H, (5, 26, 31-36). Electron
paramagnetic resonance studies on the semiquinone anion
(37), inhibitor-binding studies (38), and photoaffinity label-
ing studies with azidoquinols (48) are consistent with the
presence of a single quinol oxidation site in cytochrome bd.
Unlike cytochrome bo (49, 50), the purified cytochrome bd
does not contain a tightly bound ubiquinone-8. Sequence
analysis showed the presence of only 20 conserved residues
in subunit I and 2 in subunit II (51), which are not enough
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Fig. 6. 1/v vs. inhibitor concentration plots for 3-ethoxy- (A), 3-azido- (B), 3-amino-Q; (C), and antimycin A (D) in the presence

of 0.14 (squares) and 0.28 (circles) mM Q;Hs.

Table 2. Inhibition constants for the QH, oxidation by
Q- analogs.

Inhibitor K{* (mM%*) Inhibition mode
Antimycin A 46 Non-competitive
2-Azido-Qy 244 Non-competitive
2-Ethoxy-Qq 159 Non-competitive
2-Amino-Qq 60 Non-competitive
3-Azido-Qz 113 Non-competitive
3-Ethoxy-Qq 214 Non-competitive
3-Amino-Q, 245 Non-competitive

*Ki/ = (1 — k3 klg/(kg + klg)(k4 + 2k6)) Ki.

to form the multiple quinol/quinone binding sites. How-
ever, careful analysis of the electron-donating activity of
ubiquinols revealed the sigmoidal concentration depen-
dence and remarkable substrate inhibition with the
Q.H, analogs and decylbenzoquinols (39). Such sigmoidal
behavior has been reported for the oxidation of dimethyl-
naphthoquinol and menaquinol-3 by cytochrome bd
isolated from a Gram-positive bacterium, Corynebacterium
glutamicum (52). Substrate inhibition by quinol/quinone
is also known for the cytochrome bc; complex with
2,3-dimethoxy-6-decyl-1,4-benzoquinol, and for succinate
dehydrogenase with mono- and diethoxy analogs of decyl-
benzoquinone (53, 54). Although the catalytic site is
assumed to be one in these respiratory complexes, the
kinetic mechanism cannot be of the simple Michaelis-
Menten-type.

We examined the kinetic properties of the oxidation of
QoH, analogs by cytochrome bd with a wide range of
substrate concentrations, and found that the substrate oxi-
dation by cytochrome bd can be explained by a modified
ping-pong bi-bi mechanism (Scheme 2). To control aerobic

Vol. 139, No. 4, 2006

respiration under oxygen-limiting microaerophilic growth
conditions, the oxidation of quinols should be tightly
coupled to dioxygen reduction. In our kinetic model, the
presence of the inactive form (F) and the inactive binary
complex (F'S) can account for the sigmoidality of the oxida-
tion of Q;Hs and the QoHjy analogs. Since cytochrome bd is
a monomeric oxidase complex (CydAB) with a single quinol
oxidation site (11, 37, 38, 48), the sigmoidality cannot be
ascribed to the positive cooperativity on multiple substrate
binding to oligomeric enzymes. In general Met ligation is
weaker than His ligation, so the inactive conformer F could
be a one-electron reduced, oxygenated form without labile
Met ligation for heme b555. Potentiometric analysis of the
Azotobacter cytochrome bd has revealed two E,, values for
heme b555 (60 and 125 mV), consistent with the presence of
two populations of heme bs53 (11), the primary electron
acceptor for quinols.

In the E. coli membrane, the 6-polyprenyl tail on the
quinone ring serves as an anchor to the lipid bilayer.
Ubiquinol-8 (or menaquinol-8) molecules are allowed to
diffuse laterally within the membrane, and electrons are
transferred from the C;-OH and/or C,-OH group(s) on the
quinone ring to the quinol oxidation site, which is located
at the periplasmic interface of terminal oxidases. Such an
orientation of quinol molecules in the membrane controls
interactions with the quinol oxidation site. With the pur-
ified enzyme within detergent micelles, we found substrate
inhibition by ubiquinol analogs with a 6-diprenyl or 6-decyl
group (39). An excess amount of Q;Hs was unable to
suppress the substrate inhibition by QsHj, therefore, the
inhibition mode cannot be competitive. The random access
of quinol molecules to the quinol oxidation site cannot be
prevented in the purified enzyme, and multiple binding of
the longer 6-diprenyl group of excess QoHj to a large hydro-
phobic pocket near or within the quinol oxidation site of
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the oxoferryl-1 intermediate would result in the formation
of the inactive ternary complex (EgS)S™ (Scheme 2 and
Fig. 3). Such partially overlapping binding of quinone ana-
logs to the binding site has been reported for the Qg site of
photosynthetic reaction center (55, 56) and the quinone
reduction site of the proton-translocating NADH dehydro-
genase complex (57). Estimation of the number of bound
quinols involved in substrate inhibition is practically
not possible. Because of the hydrophobic nature of sub-
strates and bd-type oxidase, experiments involving deter-
gent micelles make it difficult to discriminate substrates
bound to the enzyme from the majority of substrates parti-
tioned into detergent micelles. Furthermore, upon mixing
with the enzyme, quinols will be fully oxidized within a few
minutes, and thus cannot be kept as reduced forms during
extraction procedures.

The meaning of the Hill coefficient is currently unknown.
The Hill coefficient may represent the strength of inter-
action between the polyprenyl tail and the binding site. It
is also possible that substrates could bind to a large hydro-
phobic pocket in the vicinity of the quinol oxidation site.
The ability to oxidize both ubiquinol and naphthoquinols
(i.e., menaquinol), and the relatively high K, (~0.08 mM)
value for QoH, (Table 1) are consistent with the presence of
a large substrate-binding pocket in cytochrome bd.

Cytochrome bd is widely distributed from Archaea to
Eubacteria as one of the terminal oxidases, and can be
divided into three groups with different substrate specifi-
cities: ubiquinols (a-, B-, and y-proteobacteria), plastoqui-
nols (cyanobacteria), or menaquinols (other bacteria). Such
plasticity of the low-affinity quinol oxidation site in cyto-
chrome bd may be one of the possible causes of substrate
inhibition. In addition, our results suggest that the recog-
nition of the 2- and 3-methoxy groups on the quinone ring
by the quinol oxidation site may differ depending on the
redox states of the substrates (Tables 1 and 2).

Dioxygen Reduction Mechanism of Cytochrome bd—In
the heme-copper terminal oxidases, aas-type cytochrome
¢ oxidase binds heme a, and the heme a3-Cug binuclear
center in subunit I and Cuya in subunit II, whereas E. coli
cytochrome bo-type ubiquinol oxidase binds heme b, the
heme o0-Cup binuclear center, and a tightly bound Qg at
the Qy site in subunit I (49, 50). Thus, electrons present in
the fully reduced enzymes can complete the four-electron
reduction of dioxygen. A conserved tyrosine, that is cross-
linked to one of the Cug ligand histidines, is present in the
vicinity of the dioxygen reduction site, and facilitates the
0-0 bond scission as an acid-base catalyst through hydro-
gen transfer (58, 59). Cytochrome bd does not belong to the
heme-copper terminal oxidase superfamily, and binds only
three redox metal centers, heme b553, b595 and d, in subunit
I. The lack of the fourth redox center and/or the crosslinked
His-Tyr couple in the dioxygen reduction site suggest(s)
that the dioxygen reduction mechanism of cytochrome
bd is different from that of the heme-copper terminal oxi-
dases. Cytochrome bd exhibits extremely high affinity for
dioxygen (19-21), and heme d mainly exists in the oxyge-
nated (d"-0,) and oxoferryl (dV=0) forms in the
air-oxidized state (22—-25). Here we propose a dioxygen
reduction mechanism for cytochrome bd (Fig. 3A), which
includes the one-electron-reduced oxygenated form [b555™",
bsos™™, d™-0y; (a) (E; in reaction Schemes)] and the oxi-
dized oxoferryl form [B555™, bsos't, dV=0; oxoferryl-1 (c)
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(E5 in reaction Schemes)] as two stable intermediates in
the catalytic cycle. Upon two-electron reduction with the
first quinol molecule, the fully reduced, oxygenated form
(oxy intermediate) will be quickly transformed to the oxi-
dized oxoferryl form (oxoferryl-1). Reduction with the sec-
ond quinol yields the reduced oxoferryl form (oxoferryl-2),
which decays to the one-electron reduced form [b555™,
bses', d (e)] through the hydroxy intermediate [bsss™",
bsost, d™-OH (not shown in Fig. 3)]. The one-electron
reduced form is immediately transformed to the
one-electron oxygenated form 16555, bsos™, d™M-0, (a)l,
because cytochrome bd is designed as a thermodynamic
trap for dioxygen and the rate of dioxygen binding to fer-
rous heme d is extremely fast (2 x 10° M~! s71) (11). In the
kinetic model of Jiinemann et al. (32) (Fig. 3B), they place
intermediates (a) and (e) in the non-catalytic branch, and
the reaction starts from the one-electron reduced form
[b555", bsos, d™ (f)]. Since the binding of quinols is a
diffusion-controlled slower process, intermediate (f) should
be converted to intermediate (e) through intramolecular
electron transfer within 10 us (14) before it accepts elec-
trons from quinols. Our kinetic model revealed the roles of
stable intermediates (a) and (c) of the as-prepared enzyme
in the catalytic mechanism. We hope that our findings and
kinetic model will facilitate our understanding of the sim-
ple energy transduction mechanism of cytochrome bd-type
quinol oxidase.
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