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Cyanide-insensitive quinol oxidase (CioAB), a relative of cytochrome bd, has no
spectroscopic features of hemes bs95 and d in the wild-type bacteria and is difficult
to purify for detailed characterization. Here we studied enzymatic and spectroscopic
properties of CioAB from the acetic acid bacterium Gluconobacter oxydans.
Gluconobacter oxydans CioAB showed the K., value for ubiquinol-1 comparable to
that of Escherichia coli cytochrome bd but it was more resistant to KCN and
quinone-analogue inhibitors except piericidin A and LL-Z1272y. We obtained the
spectroscopic evidence for the presence of hemes b595 and d. Heme b595 showed the
o peak at 587nm in the reduced state and a rhombic high-spin signal at g=6.3 and
5.5 in the air-oxidized state. Heme d showed the o peak at 626 and 644nm in the
reduced and air-oxidized state, respectively, and an axial high-spin signal at g=6.0
and low-spin signals at g=2.63, 2.37 and 2.32. We found also a broad low-spin signal at
£=3.2, attributable to heme b553. Further, we identified the presence of heme D
by mass spectrometry. In conclusion, CioAB binds all three ham species present in
cytochrome bd quinol oxidase.
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Abbreviations: CIO,

cyanide-insensitive oxidase; HQNO, 2-heptyl-4-hydroxyquinoline-N-oxide;

ICso,

the 50% inhibitory concentration; Q,Hs, a reduced form of ubiquinone-n.

Acetic acid bacteria are obligate aerobes well known as
acetic acid producers and also known to oxidize various
sugars and sugar alcohols such as D-glucose, glycerol,
D-sorbitol, in addition to ethanol. Such oxidation reac-
tions, which take place in the periplasm, are called oxi-
dative fermentation, since they involve incomplete
oxidation of substrates accompanied by the accumulation
of oxidation products into the culture medium (I). Key
oxidation processes are catalysed by dehydrogenases
bound to the outer surface of the cytoplasmic membrane,
and linked to the generation of the proton-motive force
(2). Of this oxidative fermentation, vinegar production
from ethanol and 2-keto-D-gluconate productions
from D-glucose are carried out by sequential
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membrane-bound alcohol and aldehyde dehydrogenases
and by D-glucose and gluconate dehydrogenases, respec-
tively (2).

Gluconobacter is a genus of acetic acid bacteria that
can oxidize a broad range of sugars, sugar alcohols and
sugar acids (3). However, the recently released complete
genome of Gluconobacter oxydans ATCC 621H indi-
cates that the respiratory chain lacks complex I
(NADH:quinone oxidoreductase, NDH-I), complex II
(succinate:quinone oxidoreductase) and complex IV (cyto-
chrome c¢ oxidase) (4). Genes coding for complex III
(quinol:cytochrome ¢ oxidoreductase) and cytochrome ¢
are identified but their functions are unclear because
the absence of cytochrome ¢ oxidase. NADH produced
in the cytoplasm is re-oxidized by a single-subunit
NADH dehydrogenase (NDH-II) bound to the inner sur-
face of the membrane, and resultant quinols (Q;oHy)
are directly oxidized by cytochrome bos oxidase (5) and
cyanide-insensitive oxidase (CIO) (6). Accordingly, the
growth efficiencies of these bacteria are quite low, com-
pared to those of other aerobic bacteria. The rapid oxida-
tion of carbon sources and the low biomass yield make
acetic acid bacteria suitable for industrial applications
for the bioconversion to obtain a variety of valuable
products (7).
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CIO (CioAB) is a relative of cytochrome bd quinol oxi-
dase (CydAB), and has been found and described from
the vy-proteobacterium Pseudomonas aeruginosa (8, 9)
and the &-proteobacterium Campylobacter jejuni (10),
both of which lack spectral features for hemes b595
and d at the dioxygen reduction site in the wild-type
strains. By now, CIO has not yet been purified and the
50% inhibitory concentration (IC5p) for KCN and the K,
values for oxygen have been reported for enzymatic prop-
erties (9-11). In the opportunistic pathogen P. aerugi-
nosa, which produces HCN as a metabolic product at
concentrations of ~0.3mM (12), CIO is used for the
cyanide-insensitive respiration as well as the microaero-
philic respiration. Cyanide has been detected in tissue
samples infected with P. aeruginosa (13), and CIO has
been shown to be required for the pathogenicity in the
cyanide-mediated paralytic killing of nematodes (14).
Campylobacter jejuni is a gastrointestinal pathogen and
uses a cyanide-sensitive cytochrome cbbs oxidase
[K,(O3)=40nM] for the microaerophilic growth in place
of CIO [K,,(O2)=0.8 uM] (10).

Taking the advantage in the simple organization of the
G. oxydans respiratory chain (2), we constructed the
AcioA disruptant and CioAB-overproducing strain
(wild-type/pSG-CioAB) and characterized enzymatic and
spectroscopic properties of G. oxydans CIO in the mem-
brane. We found that G. oxydans CIO was more resistant
to cyanide and quinone analogue inhibitors (except
piericidin A and LL-Z1272v§ than Escherichia coli cyto-
chrome bd and showed for the first time the spectro-
scopic evidence for the presence of hemes bs53 and
bsgs and the chemical evidence for the presence of
heme D (632.1Da) bound to CIO. Our data showed that
G. oxydans CIO binds all three hemes present in cyto-
chrome bd quinol oxidase but exhibits unique spectro-
scopic and ligand-binding properties. We hope that
future studies with the purified CIO would provide a
clue for understanding the absence of spectroscopic prop-
erties in the wild-type strains.

EXPERIMENTAL PROCEDURES

Construction of the cioA Disruptant—The wild-type
G. oxydans NBRC3172 (formerly G. suboxydans
IFO12528) was supplied by the Institute for Fermenta-
tion (Osaka, Japan). Gluconobacter oxydans AcioA was
constructed by the insertion of the kanamycin-resistant
cassette into the cioA gene as follows. A cioA gene frag-
ment was amplified as a 2.0-kb fragment by PCR with
PuRe Taq polymerase (Takara Co., Tokyo, Japan) using
primers, GOX0278-1 (5-GACGCCTCATCCTTCAGGA-3')
and GOX0278-2 (5-ATGGTTCTTACTCCGCCATG-3'),
from the genomic DNA and purified PCR products were
cloned into pGEM-T Easy vector. Then, at the BamHI
site of the cioA gene in the resultant vector, a 1.2-kb
BamHI fragment containing the Kan® cassette from
pUC4K was introduced to yield pGEM-AcioA. The circu-
lar pGEM-AcioA was directly introduced into the
wild-type cells by the electroporation to perform the
homologous recombination. By genomic PCR with
the above primers, the disruption of the cioA gene in
G. oxydans Acio was confirmed by the presence of the
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3.2-kb fragment in place of the 2.0-kb fragment in the
wild-type strain (data not shown).

Construction of the cioAB Expression Vector—For the
over-expression of G. oxydans CioAB oxidase, pSG-CioAB
was constructed as follows. The Gluconobacter—E. coli
shuttle vector, pSG6, was prepared from pSG8 by the
method according to Tonouchi et al. (15). The cioAB
(GOX0278-GOX0279) operon was PCR-amplified as a
2.9-kb EcoRI-Xhol fragment with primers, CioAB-
5-EcoR1 (5'-GGAATTCTGCCGCATTGATTTTTGTCA
AA-3) and CioAB-3'-Xhol (5-CCGCTCGAGGGGCTTTT
TTGTGAAGGATC-3'), from the genomic DNA using
Pyrobest DNA polymerase (Takara Co., Tokyo, Japan).
PCR products were digested with EcoRI and Xhol,
and the cioAB operon was cloned into pSG6. The resul-
tant pSG-CioAB was electroporated into the wild-type
cells to give the overproducing strain wild-type/
pSG-CioAB.

Preparation of Membrane Vesicles—Gluconobacter oxy-
dans cells were grown aerobically in a complex media
containing 20 g of sodium D-gluconate, 5g of D-glucose,
3 g of glycerol, 3g of yeast extract and 2g of polypeptone
per 11 using a 50-1 jar fermentor or 200ml culture in
500-ml Erlenmeyer flasks at 30°C. Cells were harvested
at the late log or stationary phase, suspended in 10 mM
potassium phosphate (pH 6.0) and disrupted with a
Rannie high-pressure laboratory homogenizer (model
Mini-Lab, type 8.30H, Wilimington, MA) or with a
French pressure cell at 110 MPa at 4°C. Membrane vesi-
cles were recovered by centrifugation at 86,000g for
60min after removal of intact cells. Pseudomonas
putida HK5 cells were grown at 30°C in a minimal
medium supplemented with 0.3% butanol. Cells were
harvested at the late log phase, suspended in 50 mM
Tris—HCl (pH 8.0) and disrupted by passing through a
French pressure cell. After removal of intact cells, mem-
branes were recovered by centrifugation at 86,000g for
90min. The E. coli cytoplasmic membranes from the
cytochrome bd-expressing strain ST4683/pNG2 (Acyo
Acyd/eyd* Tet®) and cytochrome bos-expressing strain
GO103/pMFO2 (cyo*™ Acyd/cyot Amp®) were prepared,
described as previously (16, 17).

Enzyme Assay—Ubiquinol oxidase activity of the
membrane vesicles (final concentrations of 1-10 pg/ml)
was measured at 25°C in 50 mM potassium phosphate
(pH 6.5) containing 0.02% Tween-20 (Calbiochem,
Protein grade) with or without 1mM KCN with a
V-660 double monochromatic  spectrophotometer
(JASCO, Tokyo, Japan). Reactions were started by addi-
tion of 100uM Q:Hs (e275=12.3mM tem™) [or 30uM
QoHy (e975=12.3mM ' em™) in case of Fig. 2]. Duplicate
assay was performed at each concentration and dose—
response data were analysed by the non-linear curve fit-
ting with Kaleidagraph version 4.0 (Synergy Software).
The ICsy values were estimated as in (I8). Enzyme
kinetics was analysed by assuming the ping-pong bi-bi
mechanism for cytochrome bd (19).

Measurements of Absorption Spectra—The membranes
in the sample and reference cells with a 2-mm light
path were reduced with sodium hydrosulphite and oxi-
dized with potassium ferricyanide, respectively. Redox
difference spectra were recorded in liquid nitrogen
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with a Hitachi model 557 dual-wavelength spectrophot-
ometer (20).

Measurements of EPR Spectra—The G. oxydans mem-
branes (300ul, 34 mg protein/ml) were placed in EPR
tubes made of extra-high quality quartz (3mm in o.d.,
Aguri), frozen in liquid nitrogen, and set in the cryostat
(ESR900, Oxford) and EPR spectra were measured with
a Bruker E500 spectrophotometer with a high-Q ER
cavity.

LC-MS Analysis of Hemes—Hemes were extracted
from the membranes with acetone/HCI (21) and dissolved
in acetonitrile. The extracts were applied to a Mightysil
RP-18 GP column (2.0-mm inner diameter x 100 mm,
3um; Kanto Chemical, Tokyo) and hemes were sepa-
rated with an Aglient 1100 Series HPLC using a gradient
formed from 0.4% TFA and acetonitrile (from 0 to 10 min
at 20% acetonitrile, from 10 to 20min with a 20-75%
acetonitrile linear gradient and from 20 to 36 min with
a 75-85% acetonitrile linear gradient) with a flow rate of
0.2ml/min. Elution profiles were monitored by the absor-
bance at 405 nm with a SPD-10Ayp diode array detector
(Shimadzu, Kyoto, Japan). Mass spectra were analysed
on an API 3000 electrospray ionization mass spectrome-
ter (Applied Biosystems) in a Q1 scan mode with the
positive ion detection.

Materials—The synthesis of aurachin C 1-10 and Q;
were described as previously (22, 23). Piericidin A was
a generous gift from Dr. Shigeo Yoshida (the Institute of
Physical and Chemical Research, Saitama, Japan).
2-Heptyl-4-hydroxyquinoline-N-oxide (HQNO) and anti-
mycin A; were obtained from Sigma.

RESULTS AND DISCUSSION

Identification of G. oxydans cioAB Genes—In the
genome of G. oxydans 621H (4), candidates for G. oxy-
dans cioA and cioB genes are annotated as subunit I
(GOX0278) and II (GOX0279) genes, respectively, for
cytochrome bd ubiquinol oxidase. GOX0278 (GenBank
accession no. YP_190717; 53,583Da) and GOX0279
(YP_190718; 37,813 Da) are more closely related to cioA
and cioB from P. aeruginosa [NP_252619 (identity 59%)
and NP_252618 (53%)] and Zymomonas mobilis
[YP_163306 (67%) and YP_163307 (56%)] than cydA
and cydB from E. coli [NP_415261 (33%) and
NP_415262 (28%)] and C. jejuni [NP_281294 (31%) and
NP_281295 (22%)], suggesting that this operon should be
called as cioAB. To test whether these gene products are
responsible for cyanide-insensitive respiration, we con-
structed the AcioA disruptant and the expression
vector pSG-CioAB. We examined the ubiquinol oxidase
activity of the membranes isolated from the stationary
phase culture and found that the cyanide-insensitive
quinol oxidase activity was negligible in AcioA but
increased 2-fold in the overproducing strain wild-type/
pSG-CioAB (Fig. 1), confirming our assignment.
Cyanide-insensitive quinol oxidase activities of the
stationary phase cells was ~6- and ~3-fold higher than
those of the logarithmic phase cells in the wild-type and
overproducing strains, respectively. Thus, as reported for
E. coli cytochrome bd (24) and P. aeruginosa CIO (8, 9),
the expression of G. oxydans CIO was induced under

Vol. 146, No. 2, 2009

265
8 =
—~ B
D
£
2
Fary
=
Ser T
[+
4]
©
=
S T
2 F
0 0
Wild-type ACioA Wild-type/
pSG-CioAB

Fig. 1. Effect of cyanide on ubiquinol oxidase activity
of membranes isolated from wild-type, AcioA and
wild-type/pSG-CioAB. G. oxydans strains were cultured in
200ml medium containing appropriate antibiotics in 500-ml
Erlenmeyer flasks for 48h at 30°C with rotary shaking at
200r.p.m., and collected to prepare membrane vesicles.
Oxidase activity was determined with 30 uM QoHs in the pres-
ence (filled rectangles) or absence (open rectangles) of
1mM KCN.

microaerophilic growth conditions. The amount of CIO
in the CioAB-overproduced membranes was estimated
to be <2% of membrane proteins on the basis of SDS—
PAGE analysis of subunits [1%> from a sum of CioA
(54-kDa band) and CioB (44-kDa band) in SDS-PAGE
gels; data not shown], heme B (plus O) content (~3%,
assuming that CIO contains two b-hemes), V.. of
ubiquinol-1 oxidase activity (~2%, assuming that both
G. oxydans CIO and E. coli cytochrome bd have the
similar molecular activity).

Enzymatic Properties of G. oxydans CIO—Quinol oxi-
dase activity of the membranes from the wild type
showed a biphasic dependence on the KCN concentration
with the IC5y of 8uM (relative amplitude, 21%) and
13mM (79%) (Fig. 2). A KCN-sensitive component
showed IC5o comparable to 8 uM of E. coli cytochrome
bos and thus it was assigned to G. oxydans cytochrome
bos. A KCN-resistant component, which was not detected
in G. oxydans AcioA (Fig. 2), showed much a higher 1C5,
value than 1.3mM of E. coli cytochrome bd and was
assigned to G. oxydans CIO. We found a similar biphasic
KCN concentration-dependence with P. putida mem-
branes but ICsq of P. putida CIO for KCN (36 +32mM)
could not be unambiguously determined due to the
low specific activity of CIO and the auto-oxidation of
quinols at high concentrations of KCN (i.e. >20mM).
However, the IC5o value of P. putida is comparable to
30mM of P. aeruginosa (9), not 3mM reported by
Cunningham et al. (11).

Kinetic properties of G. oxydans CIO were examined in
the presence of 1 mM KCN (Fig. 3), which can completely
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Fig. 2. Effect of cyanide on ubiquinol oxidase activity of
CIO, cytochrome bd and cytochrome bos. Quinol oxidase
activity was measured with 0.1mM Q;H, in the presence of
KCN with the membranes from G. oxydans (wild-type and
AcioA), P. putida, cytochrome bd-expressing E. coli ST4683/
pNG2, and cytochrome bos-expressing E. coli GO103/pMFO2.
Data for the wild-type G. oxydans and P. putida mem-
branes were fitted to the two-component equation; A/(1+
(IN1C50.1™) + Ao/(1+ (I/IC50.5)"2) where A; and A, are relative
amplitudes and n; and ngy are the Hill coefficients. IC5, values
for KCN were determined to be 8.4 uM (taken from the value in
Acio; 21%) and 12.6 £0.7mM (79%) for G. oxydans WT mem-
branes (filled circle) and 7.5+ 1.3 uM (73%) and 35.5 +31.5mM
(27%) for P. putida membranes (open cirlce). Data for mem-
branes from G. oxydans Acio and E. coli were fitted to the
single component equation, and IC5, values were determined
to be 84+0.7uM for G. oxydans Acio (filled diamond),
1.34+0.07mM for E. coli cytochrome bd (filled triangle) and
7.8+0.4uM for E. coli cytochrome bos (open triangle).

suppress the cytochrome bos activity. The dependence of
the oxidase activity on the Q;Hy concentration exhibited
the sigmoidal behavior (Fig. 3), as found for E. coli cyto-
chrome bd (19, 25). Thus, data were analysed based on
the modified ping-pong bi-bi mechanism (19). The appar-
ent K, value for Q;Hs was estimated to be 40 uM, which
is comparable to 56 uM of E. coli cytochrome bd (25),
suggesting the similarity in the ubiquinol-binding site
between CIO and cytochrome bd. Kinetic properties of
cytochrome bo3 quinol oxidase in G. oxydans AcioA
were examined in the absence of KCN. Data were fitted
to the ping-pong bi-bi kinetics and the apparent K
value was determined to be 55uM (Fig. 3), comparable
to 30 uM of P. putida cytochrome bos (data not shown)
and 50 uM of E. coli cytochrome bos (26).

Identification of Quinol-Binding Site Inhibitors for
CIO—For the identification of CIO-specific inhibitors,
we carried out the screening of the Kitasato Institute
for Life Sciences Chemical Library (27). From the screen-
ing of a total of 304 microbial compounds at final con-
centrations of 5ug/ml with the G. oxydans wild-type
membranes, we found the weak inhibitory activities on
0.1mM Q;Hy oxidase activity with the known E. coli
cytochrome bd inhibitors (28-31); antimycin A (residual
activity, 56%), cyclic decapeptide gramicidin S (67%) and
prenylphenol LL-Z1272y (69%). Prenylphenol ascofura-
none, a potent inhibitor for Trypanosoma alternative
quinol oxidase (30, 32), did not show the inhibitory
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Fig. 3. Kinetic analysis of the ubiquinol-1 oxidase activity
of G. oxydans CIO and cytochrome bo3.Quinol oxidase
activities of CIO and cytochrome boz were measured with the
membranes isolated from G. oxydans wild type (in the presence
of 1mM KCN) and G. oxydans AcioA, respectively. Apparent
Vmax and K, values were estimated to be 16.3+0.5U/mg
protein and 40.3 +2.5 uM, respectively, for CIO (closed circle),
and 4.7+0.2U/mg protein and 55.2+2.9uM, respectively, for
cytochrome bos (open circle). One U was defined as 1pmol
ubiquinol-1 oxidized/min.

activity. Then we extended our screening to the labora-
tory stock of quinone-analogue inhibitors at final concen-
trations of 10uM and identified aurachin C 1-10
(residual activity, 15%), aurachin D 5-10 (16%) and pier-
icidin A (14%) as potent inhibitors for G. oxydans CIO.

Determination of IC50 Values for CIO Inhibitors—By
using the G. oxydans wild-type membranes in the pres-
ence of 1mM KCN, we determined the ICs, values for
aurachin C 1-10 (0.4 uM), piericidin A (0.7 uM), HQNO
(13uM), LL-Z1272y (13 uM), antimycin A (17uM) and
gramicidin S (40 uM) (Fig. 4). In contrast to G. oxydans
CIO, E. coli cytochrome bd was more sensitive to quino-
lone inhibitors aurachin C 1-10 (9nM) and HQNO
(0.7uM), antimycin A (6 uM) and gramicidin S (3 uM),
but less sensitive to piericidin A (8 uM) and LL-Z1272y
(57uM) (31). These results emphasized the difference
in the inhibitor-binding site(s) between CIO and cyto-
chrome bd.

Visible Spectroscopic Properties of G. oxydans CIO—
Due to the difficulty in the purification of CIO, enzymatic
and spectroscopic properties of CIO remain obscure.
Gluconobacter oxydans CIO oxidase was also unstable
and most of cyanide-insensitive quinol oxidase activity
was lost upon solubilization with non-ionic detergents
like sucrose monolaurate. Accordingly, we examined
low-temperature redox difference spectra of the mem-
branes to find spectral features attributable to CIO
(Fig. 5). The membranes isolated from the wild-type/
pSG-CioAB, AcioA and wild type all showed a predomi-
nant peak at 552.5-553 nm for ferrous heme ¢, which is
mainly due to the heme ¢ of quinoprotein alcohol dehy-
drogenases present at a large amount in these strain
(6, 33). As reported for P. aeruginosa (8) and C. jejuni
(10), the spectral differences between the wild type and
AcioA were insignificant. In contrast, the CioAB-
overproduced membranes from the wild-type/pSG-CioAB

J. Biochem.
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Fig. 4. Dependence of oxidase activity of G. oxydans CIO
on the inhibitor concentration. In the presence of aurachin
C 1-10 (open circle), piericidin A (open diamond), HQNO (open
triangle), antimycin A (filled circle), LL-Z1272y (filled diamond)
or gramicidin S (filled triangle), quinol oxidase activity of mem-
branes were measured with 0.1 mM ubiquinol-1. Data points
were average values from duplicate assay. Gluconobacter oxy-
dans CIO (G. oxydans membranes in the presence of 1mM
KCN). IC5¢ values were estimated to be 0.43 +£0.03 (aurachin
C 1-10), 0.74+£0.05 (piericidin A), 13.0+2.0 (HQNO),
17.1+1.3 (antimycin A), 13.2+1.1pM (LL-Z1272y) and
40.1+0.9uM (gramicidin S).

increased the heme B (plus O) content 2-fold and exhib-
ited the o peak for heme bs95 at 587nm and for heme
d at 626 (d*") and 644 (d**-Oy)nm. Upon addition of
1mM KCN, the ferrous heme d peak shifted from
626nm to 617nm nm (data not shown). In the P. aeru-
ginosa CIO-overproduced membranes, heme d has been
identified at 623 (d°*) and 645(d**-Oz)nm (8). Thus,
spectroscopic properties of the CIO heme d are similar
to those of E. coli cytochrome bd [627 (d?*) and 650
(d**-05)nm] (34).

EPR Properties of the G. oxydans CioAB-over Produced
Membranes—EPR studies on cytochrome bd from E. coli
and Azotobacter vinelandii have identified that hemes
d and bsg;5 exhibit the axial high-spin g=6.0 signal and
the rhombic high-spin signal with g,,=5.5 and 6.3,
respectively (35-38). A rhombic low-spin species with
8xy.=1.85, 2.3 and 2.5 has been assigned to a minor
population of the axial high-spin species (38-40).
Further, the low-spin g,=3.3 signal has been assigned
to heme b5s55.

We determined EPR spectra of the G. oxydans mem-
branes from the CioAB-overproduced strain and AcioA
mutant (Fig. 6) and calculated the CioAB-overproduced
minus AcioA difference spectrum (Fig. 6C), by assuming
that the contents of other cytochromes like alcohol dehy-
drogenases are similar in the both membranes. The dif-
ference spectrum representing properties of G. oxydans
CIO were similar to that of the E. coli cytochrome
bd-overproduced membranes (38) (Fig. 6C). Further, the
g=3.4, 2.46 and 2.32 signals of E. coli cytochrome bd
may be shifted to g=3.2, 2.37 and 2.32, respectively, in
G. oxydans CIO and we found the g=2.73 and 2.63 low-
spin signals with the unknown origins. Notably, Tsubaki
et al. (40) observed similar signals at g=3.15, 2.96 and
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Fig. 5. Low-temperature redox difference spectra of
membranes isolated from wild-type/pSG-CioAB (A),
AcioA (B) and wild-type (C). Cells were grown in 200-ml
culture up to the stationary phase (48h) and membranes
were isolated from the cells and used at 10mg protein/ml.
Hydrosulphite-reduced minus ferricyanide-oxidized redox differ-
ence spectra were recorded at 77 K.

2.82 in the CN-bound form of E. coli cytochrome bd. Our
observations indicate that G. oxydans CIO contains
hemes with the EPR properties similar to hemes bssg,
bses and d present in E. coli cytochrome bd.
Reverse-Phase HPLC/MS Analysis of Hemes—To
identify heme species bound to CIO, we extracted
hemes from the G. oxydans membranes and analysed
hemes by LC/MS. In both the wild type and wild-type/
pGS-CioAB, hemes were eluted at 19.6, 21.5 and 28 min
with the Soret peak at 404, 398 and 394 nm, respectively,
while the 19.6-min peak was absent in the AcioA mutant
(Fig. 7). MS analysis identified these three peaks
as heme D (chlorin), heme B (protoheme IX) and
heme O with the molecular mass of 632.1, 616.0
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Fig. 6. EPR spectra of G. oxydans wild-type/pSG-CioAB
and AcioA membranes. The difference spectra (C) was
obtained by adjusting the intensity of the g=6.6 signal in the
traces A and B. Concentrations of the membranes were 34 mg
protein/ml. EPR conditions for the traces (A) and (B) were:
microwave frequency, 9.3 gHz; microwave power, 1mW; field
modulation frequency, 100kHz; modulation amplitude, 10G;
receiver time constant, 82ms; average scans, three times;
temperature, 8.5 K.

and 838.1Da, respectively. The intensity of the heme D
peak relative to those of hemes B and O was much less
than the amount of CIO (~0.1 and ~0.2 nmol/mg protein
in the wild-type and CIO-overproduced membranes,
respectively). This could be due to the instability of
heme D under our extraction conditions. Further, we
identified the 19.6- and 21.5-min species in the mem-
branes isolated from the E. coli cytochrome bo-deficient
mutant ST4533 (Acyo cyd®). These data indicate that
heme D is bound to G. oxydans CIO. The molecular
mass of the 19.6-min species indicates that heme D iso-
lated from the G. oxydans and E. coli membranes is a
hydroxychlorin with the lactonization of the ring D pro-
pionic acid (632.1 Da) (41) rather than a dihydroxychlorin
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Fig. 7. Reverse-phase HPLC chromatograms of hemes
extracted from the G. oxydans membranes of wild-type/
PSG-CioAB (A), AcioA (B) and wild-type (C). The inset in
(A) shows the ESI mass spectrum of the 19.6-min species in the
mass range for heme D.
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Fig. 8. Structures of hydroxychlorin (A) and dihydroxy-
chlorin (B).

(650.2Da) (Fig. 8). Heme D could be formed within
the oxidase by the conversion of heme B with hydrogen
peroxide (42), which can be produced at the heme b5g95-d-
binding site upon reduction of the assembled enzyme.
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If the efficiency of the oxidation of heme B to heme D
is low in CIO, the spectroscopic identification of heme d
in CIO would be difficult and a part of the population
may remain as a heme bbb complex. This has to be
examined in future studies with the purified CIO.
It should be noted that changes in growth conditions
for Bacillus subtilis with glucose at low aeration to with-
out glucose at high aeration transformed cytochrome
bd menaquinol oxidase to cytochrome bb’ oxidase, that
is fully functional and more sensitive to cyanide and
aurachin D (43).

CONCLUSION

Because of the low expression level and the instability in
detergent solution, the biochemical characterization
of CIO was difficult since the discovery of CIO in
P. aeruginosa (9). Here we used the G. oxydans CIO-
overproduced membranes and obtained the spectroscopic
evidence for the presence of heme bss5g, bsos and d and
the chemical evidence for the presence of heme D. Our
data showed that CIO contains all three hemes present
in cytochrome bd quinol oxidase although it has unique
spectroscopic and ligand-binding properties. Sequence
analysis of subunit I (CioA/CydA) (31) revealed the differ-
ence in the locations of prolines nearby His19 [the heme
bsos ligand (44)] and Glu99 [a putative heme d ligand
(16)]. Such differences could be one of the causes for
the absence of spectroscopic properties and the higher
cyanide resistance of CIO in the wild-type strains
(8-10). If an unidentified ligand exits at the heme
bsgs-d binuclear centre of CIO, it would affect the
spectroscopic and ligand-binding properties. CIO and
cytochrome bd quinol oxidase perform a variety of phys-
iological functions in bacteria such as the microaerophilic
respiration and protection against oxygen stress (45-47).
They also play an important role in survival and adap-
tation of pathogenic bacteria that encounter host envir-
onments where dioxygen is progressively limited (48-50).
We hope that future spectroscopic studies with the pur-
ified enzyme and X-ray crystallographic studies would
provide a clue for understanding the unique enzymatic
and spectroscopic properties of CIO.
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