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ABSTRACT: To probe the structure of the quinol oxidation site in loop VI/VII of theEscherichia coli
cytochromebd, we substituted three conserved residues (Gln249, Lys252, and Glu257) in the N-terminal
region and three glutamates (Glu278, Glu279, and Glu280) in the first internal repeat. We found that
substitutions of Glu257 by Ala or Gln, and Glu279 and Glu280 by Gln, severely reduced the oxidase
activity and the expression level of cytochromebd. In contrast, Lys252 mutations reduced only the oxidase
activity. Blue shifts in the 440 and 630 nm peaks of the reduced Lys252 mutants and in the 561 nm peak
of the reduced Glu257 mutants indicate the proximity of Lys252 to the hemeb595-d binuclear center and
Glu257 to hemeb558, respectively. Perturbations of reduced hemeb558 upon binding of aurachin D support
structural changes in the quinol-binding site of the mutants. Substitutions of Lys252 and Glu257 caused
large changes in kinetic parameters for the ubiquinol-1 oxidation. These results indicate that Lys252 and
Glu257 in the N-terminal region of the Q-loop are involved in the quinol oxidation bybd-type terminal
oxidase.

Cytochromebd is one of two terminal ubiquinol oxidases
in the aerobic respiratory chain ofEscherichia coliand is
predominantly expressed under microaerophilic growth
conditions (see refs1-3 for reviews). It catalyzes dioxygen
reduction with two molecules of ubiquinol-8, leading to the
release of four protons from quinols to the periplasm.
Through a putative proton channel, four protons 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, cytochromebd generates an electrochemical
proton gradient across the membrane through apparent
vectorial translocation of four chemical protons (5-7). In
contrast to cytochromebo, an alternative ubiquinol oxidase
under highly aerated growth conditions, cytochromebd has
no proton pumping activity and does not belong to the
heme-copper terminal oxidase superfamily.

Cytochromebd has been isolated as a heterodimeric
oxidase (CydAB, 100.6 kDa) and is distributed from Archaea
to Eubacteria. Recent proteomic studies on theE. coli
membrane proteins postulated YhcB (15 kDa) as a putative

third subunit (8), but YhcB exists only inγ-Proteobacteria.1

On the basis of spectroscopic and ligand binding studies,
three distinct redox metal centers have been identified as
hemeb558, hemeb595, and hemed (see ref9 for a review).
Unlike cytochromebo, cytochromebd does not contain a
tightly bound ubiquinone-8. Hemeb558 is a low-spin proto-
heme IX and is ligated by His186 (helix V) and Met393
(helix VII) of subunit I (CydA) (10) (Figure 1). Inhibitor
binding studies indicate the close proximity of hemeb558 to
the quinol oxidation site (12, 13). Hemeb595 is a high-spin
protoheme IX bound to His19 (helix I) of subunit I (9) and
mediates electron transfer from hemeb558 to hemed (14-
17), where dioxygen is reduced to water. Hemed is a high-
spin chlorin bound to an unidentified nitrogenous ligand
(18-20) and forms a diheme binuclear center with heme
b595 (20, 21). Topological analysis suggests that all of the
hemes are located at the periplasmic end of transmembrane
helices (4).

In loop VI/VII (Q-loop) of subunit I, binding of mono-
clonal antibodies to252KLAAIEAEWET 262 (22, 23) and
proteolytic cleavage with trypsin at Tyr290 or chymotrypsin
at Arg298 (24, 25) suppressed ubiquinol oxidase activity
(Figure 1). Yang et al. (26) reported the photoaffinity labeling
of subunit I with 2-methyl-3-azido-5-methoxy-6-(3,7-dimethyl-
[3H]octyl)-1,4-benzoquinone. Recently, we synthesized 2-azido-
3-methoxy- and 2-methoxy-3-azido-5-methyl-6-geranyl-1,4-
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benzoquinone (27) and demonstrated the photoaffinity
labeling of Glu280 of subunit I with azidoquinols (28). These
findings suggest the presence of the ubiquinol oxidation site
in loop VI/VII of subunit I that transfers electrons to heme
b558 bound to the periplasmic ends of helices V and VII.

To probe the structure of the quinol oxidation site in
Q-loop, we examined the effects of substitutions of three
conserved residues (Gln249, Lys252, and Glu257) in the
N-terminal region and three glutamates (Glu278, Glu279,
and Glu280) in the first internal repeat (Figure 1). Charac-
terization of mutant oxidases suggests that Lys252 and
Glu257 in the N-terminal region of the Q-loop are involved
in the quinol oxidation by cytochromebd.

EXPERIMENTAL PROCEDURES

Mutagenesis and Expression of Cytochrome bd.Amino
acid substitutions were introduced with QuickChange XL

(Stratagene) using a pBR322 derivative pNG2 (cyd+ TetR)
(29) and synthetic oligonucleotides (Table S1). Ala substitu-
tion of Lys, Gln, and Glu residues would eliminate possible
hydrophilic interactions, while Gln could substitute for Glu
or Lys because of its size and hydrophilicity of the side chain.
Mutations were confirmed by DNA sequencing (30).2 For
isolation of mutant enzymes, ST4683 (∆cyo::CmR ∆cyd::
KmR) harboring a single copy plasmid pMFO9 (cyo+ AmpR)
(30) was transformed with mutant pNG2 plasmids, and
transformants were aerobically grown overnight in IM
medium supplemented with 0.5% glucose, 12.5µg/mL
tetracycline, and trace metals (31). The yield of mutant cells
from the 3 L culture was about 28 g wet weight.

Isolation of Mutant Cytochrome bd.Cells were suspended
in 50 mM Tris-HCl (pH 7.4) containing 10 mM Na-EDTA,
1 mM phenylmethanesulfonyl fluoride (Sigma), and 0.5 mg/
mL lysozyme (Sigma) and disrupted by two passages through
a French pressure cell (Ohtake, Tokyo, Japan) at 1500 kg/
cm2. Cytoplasmic membrane vesicles were isolated by
sucrose density centrifugation (18). Mutant enzymes were
solubilized from membranes with 2.5% sucrose monolaurate
(Mitsubishi-Kagaku Foods Co., Tokyo, Japan) and isolated
by anion-exchange high-performance liquid chromatography
on a TSKgel SuperQ-5PW column (21.5 mm i.d.× 15 cm;
Tosoh), as described previously (18).3 Purified enzymes in
50 mM sodium phosphate (pH 6.8) containing 0.1% sucrose
monolaurate were stored at-80 °C until use.

Determination of Heme and Protein Content.Heme B
content was determined by the pyridine ferrohemochromogen
method, and heme D content was estimated from redox
difference spectra using an extinction coefficient ofε628-651

) 27900 (32). Protein concentration was determined by the
BCA method (Pierce).

Absorption Spectroscopy.Absorption spectra of the air-
oxidized and sodium hydrosulfite-reduced forms of mutant
enzymes were determined with a V-550 UV/vis spectropho-
tometer (Jasco, Tokyo, Japan) at a final concentration of 5
[or 1.25 (I-E280A), 2.5 (I-E257A, I-E257Q, I-E279A,
I-E279Q)] µM in 50 mM sodium phosphate (pH 7.4)
containing 0.1% sucrose monolaurate. To probe structural
changes in the quinol oxidation site near hemeb558, absolute
spectra of the hydrosulfite-reduced mutant enzymes (2µM)
were measured in the presence of 10µM aurachin D 5-10.
Aurachin D 5-10 was synthesized by the previous method
for aurachin C 3-11 and 4-11 (33).

Determination of Quinol Oxidase ActiVity. Quinol oxidase
activity was determined at 25°C by monitoring the absor-
bance change at 278 nm and calculated using an extinction
coefficient of 12300 (34). The reaction mixture (1 mL)
contained 50 mM sodium phosphate (pH 7.4), 0.1% sucrose
monolaurate, and 12.5-125 nM purified cytochromebd. The
enzyme concentration was estimated from the heme B
content, by assuming that cytochromebd contains two
b-hemes. The reaction was started by the addition of a
reduced form of ubiquinone-1, a kind gift from Eisai Co.
(Tokyo, Japan), at a final concentration of 400µM. For

2 Due to the presence of internal repeats in thecydAgene, we often
found insertions in mutagenized plasmids.

3 The introduction of the His8 tag (Table S1) at the C-terminus of
subunit I (CydA) severely reduced the expression level of cytochrome
bd; thus the His-tag versions of the mutants were not used for the
isolation of the enzyme.

FIGURE 1: (A) Topological model of subunit I of theE. coli
cytochromebd (4) and (B) alignment of the N-terminal region of
the Q-loop. (A) Amino acid substitutions were introduced at
Gln249, Lys252, Glu257, Glu278, Glu279, and Glu280 in loop VI/
VII. The epitope for mAb and putative internal repeats (Pro266-
Gln287, Pro303-Lys323) are boxed. Strictly conserved residues
are highlighted, and three glutamates in the first internal repeat are
encircled. Proteolytic cleavage sites and the azidoubiquinol cross-
linked site are indicated by arrows. His19 serves as the axial ligand
for hemeb595, and His186 and Met393 serve as the axial ligand
for hemeb558, which accepts electrons from quinols. (B) Amino
acid sequences used for the alignment correspond to Gln249-
Pro289 ofE. coli subunit I (CydA),E. coli CydA (γ-Proteobacteria;
U00096711),Rhodobacter sphaeroides(R-Proteobacteria; AF084032-
1), Bacillus subtilis (Firmicutes; Z99123),Chlorobium tepidum
(Chlorobi; AE012934),Synechocystissp. PCC 6803 (Cyanobacteria;
D90904),Aquifex aeolicus(Aquificae; AE000736), andHalobac-
terium sp. NRC-1 (Archaea; AE005171). The alignment was
constructed by Clustal X (11). Conserved residues are shown in
bold.
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kinetic analysis, the concentration of ubiquinol-1 was varied
from 33 to 431µM. Km andVmax values were estimated with
Kaleidagraph version 3.5 (Synergy Software).

RESULTS

Properties of Mutant Enzymes in ViVo and in Cytoplasmic
Membranes.The in vivo activity of Q-loop mutants was
examined by the aerobic complementation analysis using the
terminal oxidase double deletion mutant ST4683, which
cannot grow aerobically on a nonfermentable carbon source.
In the minimal 0.5% glycerol medium, transformants with
pNG2 carrying the I-E257A, I-E257Q, or I-E280Q mutation
were unable to grow aerobically by oxidative phosphorylation
(Table S2). The growth yield was decreased to two-thirds
of the wild-type level in I-K252A and I-K252Q and to one-
third in I-E279Q.

Effects of mutations on heme binding were studied in
cytoplasmic membrane vesicles, which have been isolated
from the cytochromebo-expressing strain ST4683/pMFO9
(∆cyo∆cyd/cyo+) harboring mutant pNG2. Hemed content
showed that the expression level of mutant cytochromebd
was largely reduced in I-E257A, I-E257Q, I-E279Q, and
I-E280Q (Table S2). The hemed to heme (b + o) ratios in
other mutants indicate that over 90% of membrane-bound
cytochrome was cytochromebd (∼25% of membrane
proteins) under our growth conditions.

Ubiquinol-1 oxidase activity of mutant cytochromebd in
the membranes was determined in the presence of 2 mM
KCN, which can completely suppress the quinol oxidase
activity of cytochromebo (Ki, 0.01 mM) (5). In addition to
I-E257A, I-E257Q, I-E279Q, and I-E280Q mutants, I-K252A
and I-K252Q mutants showed below 15% of the wild-type
activity (Table S2). These results indicate that the I-Lys252
mutations reduced the oxidase activity and the I-Glu257,
I-Glu279, and I-Glu280 mutations affected the oxidase
activity and the expression level of mutant enzymes.

Effects of the Q-Loop Mutations on Spectroscopic Proper-
ties of Mutant Cytochrome bd.Absorption spectra of the air-
oxidized and the fully reduced form of the isolated mutant
enzymes were determined at room temperature. The 440 nm
peak of ferrous hemeb595 and the 630 nm peak of ferrous
hemed showed a blue shift in I-K252A and I-K252Q, and
the 646 nm peak of ferrous oxygenated hemed was shifted
to 644 nm in I-K252A (Figure 2, Table S3). In contrast, the
I-E257A, I-E257Q, and I-E280A mutations resulted in 1 nm
blue shifts in the 414 nm peak of the air-oxidized enzyme
and the 561 nm peak of ferrous hemeb558. Results indicate
the proximity of Lys252 to the hemeb595-d binuclear center
and Glu257 and Glu280 to hemeb558.

Effects of the Q-Loop Mutations on Binding of Aurachin
D to Mutant Cytochrome bd.Aurachin D is one of specific
inhibitors for cytochromebd (35), and binding of decylau-

FIGURE 2: Absorption spectra of the air-oxidized (- - -) and fully reduced (s) forms of the Q-loop mutants of cytochromebd. Absolute
spectra of the isolated enzymes were recorded in 50 mM sodium phosphate (pH 7.4) containing 0.1% sucrose monolaurate before (- - -) and
after reduction (s) with sodium hydrosulfite. The enzyme concentration was 5 [wild type (A), I-K252A (B), and I-K252Q (C)], 2.5 [I-E257A
(D) and I-E257Q (E)], and 1.25µM [I-E280A (F)]. The absorbance scale corresponds to the wild type.
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rachin D to the quinol oxidation site of theAzotobacter
enzyme perturbs spectral properties and the redox potential
of hemeb558 (13). Binding of quinone to the QH site ofbo-
type oxidase results in similar effects on the electron-
accepting hemeb (36). To probe structural changes in the
quinol oxidation site of the Q-loop mutants, we examined
spectral changes of hemeb558 induced by binding of aurachin
D 5-10. Upon addition of aurachin D 5-10 to the
hydrosulfite-reduced wild-type enzyme, we found similar red
shifts in theR-band and Soret band regions (Figure 3A).
The peak and trough in the (reducedplus inhibitor) minus
reduced difference spectrum are 565 and 560 nm, respec-
tively, for theR-band and 432.4 and 422 nm, respectively,
in the Soret region (Figure 3B), comparable to 565 and 560
nm, respectively, and 432-433 and 423-424 nm, respec-
tively, reported for theAzotobacterenzyme (13). In contrast,
no spectral effects of aurachin D 5-10 on reduced heme
b595 and reduced or oxygenated hemed were observed. In
the Q-loop mutants, the I-K252A mutation eliminated such
spectral shifts of hemeb558 while the I-Q249A, I-E257A,
and I-E280Q mutations decreased the amplitude of spectral
changes and resulted in shifts in the peak and trough for the
R-band and Soret band regions (Figure 3C-F). In addition,
the 445 nm peak in I-Q249A suggests the perturbation of
reduced hemeb595, and the 676 nm peak and 628 nm trough
in I-E280Q indicates a partial conversion of ferrous hemed
to oxoferryl hemed. In the wild type, 3 min incubation of
the enzyme with 10µM aurachin D 5-10 reduced the
oxidase activity with 200µM ubiquinol-1 to 8.9% of the
control activity. We found that the residual activities of
I-Q249A, I-K252A, I-E257A, and I-E280Q mutants were
31.5%, 30.5%, 94.5%, and 13.9%, respectively, indicating
the resistance to the inhibitor. These findings support the
proximity of the quinol- (and inhibitor) binding site to heme
b558 and structural changes in the quinol oxidation site of
these Q-loop mutant enzymes.

Effects of the Q-Loop Mutations on Kinetic Parameters
for the Ubiquinol-1 Oxidation by Mutant Enzymes.At 100
µM ubiquinol-1, which is comparable to theKm value of
the wild-type enzyme, the oxidase activity of the I-K252A,
I-K252Q, and I-E257A mutants was decreased to below 10%
of the wild-type control and that of I-E257Q, I-E279Q,
I-E280A, and I-E280Q to about one-third (Table S3).

In contrast tobo-type ubiquinol oxidase, the wild-type
cytochromebdexhibits the sigmoidal behavior of the oxidase
activity against the concentration of ubiquinol-1 (34). By
assuming the presence of the inactive population, such
peculiar enzyme kinetics can be explained by the modified
ping-pong bi-bi mechanism, where dioxygen reduction is
tightly coupled to the sequential oxidation of two quinol
molecules (37). The initial velocity for the ubiquinol-1
oxidation can be expressed as (37):

The oxidation of ubiquinol-1 by the Q-loop mutants showed
the sigmoidal dependence on the substrate concentration
(Figure 4), and the kinetic parameters were estimated by eq
1 (Table 1). In I-K252A, I-K252Q, and I-E257A, theVmax

value decreased to 5-31% of the wild-type control. TheKm

value was estimated to be 93µM in the wild type and
increased 1.3-1.9-fold in I-Q249A, I-K252A, I-E278A,
E278Q, and E279A, 2.6-3.1-fold in I-E257Q, I-E279Q,
I-E279Q, I-E280A, and I-E280Q, and about 3.5-fold in
I-K252Q and I-E257A. TheKm values (163-335 µM) of

V )
Vmax[S]2

Km
2 + Km[S] + [S]2

(1)

FIGURE 3: Spectral perturbations induced by binding of aurachin
D 5-10 to the Q-loop mutants of cytochromebd. (A) Absolute
spectra of the reduced wild-type cytochromebd (2 µM) in the
absence (- - -) and presence (s) of 10 µM aurachin D 5-10 in 50
mM sodium phosphate (pH 7.4) containing 0.1% sucrose mono-
laurate. (B-F) (Reducedplus inhibitor) minusreduced difference
spectra of the wild type (B), I-Q249A (C), I-K252A (D), I-E257A
(E), and I-E280Q (F) mutants.
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cytochromebd mutants are comparable to 242µM of the
Km mutant (II-W136A) of cytochromebo (38). A simulta-
neous change in theKm and Vmax values in I-K252A,
I-K252Q, and I-E257A resulted in a large decrease in the
Vmax (kcat)/Km ratio (only 3% of the wild-type control in
I-K252A and I-K252Q and 9% in I-E257A). I-E257Q
retained theVmax value at the wild-type level, indicating that
Gln can partly substitute the role of Glu257. Results indicate
that mutations at Gln249, Glu278, Glu279, and Glu280
perturbed the quinol oxidation site and that Lys252 and
Glu257, which are conserved in cytochromebd,are involved
in the quinol oxidation.

DISCUSSION

Quinol Oxidation Site in Cytochrome bd.Cytochromebd-
type quinol oxidase is widely distributed from Archaea to
Eubacteria and can use ubiquinol, plastoquinol, or menaquinol
as electron donors. Steady-state kinetics of the quinol
oxidation (5, 37) and inhibitor binding studies (13) indicate
the presence of a single quinol oxidation site in cytochrome
bd. Binding of mAb to252KLAAIEAEWET 262 in the Q-loop
of subunit I inhibits the quinol oxidase activity (22, 23) and
may perturb the quinol oxidation site. Photoaffinity labeling
studies with azidoquinols demonstrated the proximity of
Glu280 in the Q-loop to the 2- and 3-methoxy groups on
the ubiquinone ring (28). Although Glu280 is not conserved
even inγ-Proteobacteria, the presence of Glu or Asp at∼10
amino acid residues upstream of the conserved Pro289

indicates the catalytic and/or structural role of acidic residue-
(s) in the binding pocket for methoxy groups of ubiquinone
(Figure 1B). A loss of the quinol oxidase activity by
proteolytic cleavages at either Tyr290 or Arg298 in the
Q-loop (24, 25) may be related to alterations in interactions
of the first internal repeat (266Px10QEEEx2Kx3Q287) with the
second repeat (303Px9QHEEx2Rx3K323) (Figure 1A). A hy-
drophilic segment containing Glu280 can be predicted to be
a coil [P275-T281 by Jpred (39), I274-E280 by PROF (40),
and G273-N282 by New Joint method (41)] between two
short â-strands. Such a flexible structure would allow the
accommodation of both a methoxy and a bulky rodlike azido
group on the quinone ring and may be the molecular basis
of wide substrate specificity of cytochromebd (i.e., the use
of ubiquinol-8 under aerobic growth conditions and mena-
quinol-8 under microaerophilic growth conditions inE. coli).

Mutagenesis studies on the N-terminal region of the
Q-loop revealed that Lys252 and Glu257 are involved in the
quinol oxidation. Conserved Lys252 and Glu257 in a putative
short R-helix may serve as direct ligands and electron
acceptors for the C1-OH and/or C4-OH groups of ubiquinol.
Effects of the mutations on the heme binding suggest the
orientation of the hydrophilic helix relative to hemesb558

andb595 in the transmembrane helices (i.e., the proximity of
Glu257 and Lys252 to hemeb558 and the hemeb595-d
binuclear center, respectively). Electrons could be transferred
from quinols to the propionate group(s) of hemeb558 through
Glu257 and a possible hydrogen bond network.

Substitutions of Gln249, Glu278, Glu279, and Glu280
resulted in a 1.3-2.9-fold increase in theKm value for
ubiquinol-1 (Table 1). The Ala mutation at Gln249, which
is strictly conserved in cytochromebd, perturbed the aurachin
D-induced spectral changes (Figure 3) and increased 3.5-
fold the resistance to aurachin D. Mutations at Glu280, which
has been identified as a part of the binding pocket for the
methoxy groups on the ubiquinone ring (28), caused the blue
shift in the 561 nm peak of ferrous hemeb558 and perturbed
the aurachin D-induced spectral changes (Figures 2 and 3).
These findings indicate that the proximity of Gln249 and
Glu278-Glu279-Glu280 to the quinol oxidation site. It is also
possible that, as found for the proteolytic cleavages of the
Q-loop (24, 25), structural perturbations induced by the
mutations could affect the oxidase activity and the expression
level.

Structures of Quinone Redox Sites in Respiratory Com-
plexes. X-ray structures forbo-type ubiquinol oxidase (42),
the cytochromebc1 complex (43-46), succinate dehydro-
genase (47), fumarate reductase (48, 49), nitrate reductase
A (50), and formate dehydrogenase N (51) have been recently
determined, but it appears that there is no common motif
for the quinone/quinol binding. Due to low binding affinity,
bound substrates were absent in the quinol oxidation site of
bo-type ubiquinol oxidase (QL), the cytochromebc1 complex
(Qo), and nitrate reductase A. In theE. coli bo-type ubiquinol
oxidase, mutagenesis (38, 52) and photoaffinity labeling
studies with azidoquinone (53) indicated that subunit II
provides a part of the quinol oxidation site (QL). Further,
mutagenesis and spectroscopic studies revealed the structure
of the quinone-binding site (QH), which mediates electron
transfer from the QL site to hemeb (42, 54, 55).

In conclusion, photoaffinity-labeling studies with azi-
doquinols (28) and present site-directed mutagenesis studies

FIGURE 4: Dependence of ubiquinol oxidation by the Q-loop
mutants on the ubiquinol-1 concentration. Data shown are wild type
(b), I-K252A (1), I-E257A (9), I-E278A (2), and E280A ([)
mutants. Curve fitting was carried out with Kaleidagraph, and
R-values are between 0.994 and 0.998 (0.996 average).

Table 1: Kinetic Parameters for Ubiquinol-1 Oxidation by Purified
Q-Loop Mutants

mutant Km (µM) Vmax(e-/s) Vmax/Km (e- s-1 µM-1)

wild type 93 438 4.71 (100)
I-Q249A 163 347 2.13 (45)
I-K252A 178 24 0.135 (2.9)
I-K252Q 335 54 0.161 (3.4)
I-E257A 323 135 0.418 (8.9)
I-E257Q 287 510 1.78 (38)
I-E278A 142 499 3.51 (75)
I-E278Q 139 418 3.01 (64)
I-E279A 124 417 3.36 (71)
I-E279Q 266 476 1.79 (38)
I-E280A 263 404 1.54 (33)
I-E280Q 243 434 1.79 (38)
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on the Q-loop revealed the structural features of the quinol
oxidation site in cytochromebd. X-ray crystallographic
studies would provide further insights into the understanding
of the catalytic mechanism for the quinol oxidation bybd-
type terminal oxidase.
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