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To probe the location of the quinol oxidation site and physical interactions for inter-
subunit electron transfer, we constructed and characterized two chimeric oxidases in
which subunit II (CyoA) of cytochrome bo-type ubiquinol oxidase from Escherichia coli
was replaced with the counterpart (CaaA) of caa;-type cytochrome c oxidase from thermo-
philic Bacillus PS3. In pHNchi5, the C-terminal hydrophilic domain except a connecting
region as to transmembrane helix II of CyoA was replaced with the counterpart of CaaA,
which carries the Cu, site and cytochrome ¢ domain. The resultant chimeric oxidase was
detected immunochemically and spectroscopically, and the turnover numbers for Q H,
(ubiquinol-1) and TMPD (N,N,N’,N’-tetramethyl- p-phenylenediamine) oxidation were 28
and 8.5 57!, respectively. In pHNchi6, the chimeric oxidase was designed to carry a minimal
region of the cupredoxin fold containing all the Cu, ligands, and showed enzymatic
activities of 65 and 5.1 57!, and an expression level better than that of pHNchi5. Kinetic
analyses proved that the apparent lower turnover of the chimeric enzyme by pHNchi6 was
due to the higher K, of the enzyme for Q,H, (220 M) than that of cytochrome bo (48 uM),
while in the enzyme by pHNchib, both substrate-binding and internal electron transfer
were purturbed. These results suggest that the connecting region and the C-terminal ¢,-a;-
B11-as domain of CyoA are involved in the quinol oxidation and/or physical interactions for
inter-subunit electron transfer, supporting our previous proposal [Sato-Watanabe, M.,
Mogi, T., Miyoshi, H., and Anraku, Y. (1998) Biochemistry 37, 12744-12752]. The close
relationship of E. coli quinol oxidases to cytochrome c oxidase of Gram-positive bacteria
like Bacillus was also indicated.
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ubiquinol oxidase.

Cytochrome bo-type ubiquinol oxidase from Escherichia
coli and cytochrome caa;-type cytochrome c oxidase from
thermophilic Bacillus PS3 are closely-related members of
the heme-copper terminal oxidase super-family (I-3).
Despite differences in electron donors and binding hemes,
they catalyze the same dioxygen reduction chemistry and
function as a redox-driven proton pump.

Both enzymes are composed of four subunits, CyoABCD
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(4, 5) and CaaABCD (6, 7), respectively, and subunits I
and II form the catalytic core (8-10). In cytochrome bo,
subunit IT (CyoA) contains a low-affinity quinol-oxidation
site (Q.) in the C-terminal hydrophilic domain (11-15),
and electrons are sequentially transferred from quinols at
the Q. site to low-spin heme b in subunit [ (CyoB) through
a high-affinity quinone-binding site (Qu), which functions as
a transient electron reservoir and an electron gate (16-19).
Subsequently, electrons are transferred to the high-spin
heme o0-Cu; binuclear center in subunit I, and used for the
four-electron reduction of dioxygen (I, 2). In cytochrome
caa,, subunit II (CaaA) oxidizes reduced cytochrome c or
TMPD (N,N,N’,N’-tetramethyl- p-phenylenediamine) at
Cu,, a binuclear purple-copper center, which mediates
electron transfer to the high-spin heme a,-Cup binuclear
center through low-spin heme a in subunit I (CaaB). In
Bacillus, the cytochrome ¢ domain is fused to the C-ter-
minus of subunit IT (3, 6, 7).

The C-terminal hydrophilic domain of subunit II of both
quinol and cytochrome ¢ oxidases contains the Greek key
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B-barrel structure (cupredoxin fold) of blue-copper pro-
teins (20, 2I). The amino acid residues liganding the
bimetallic Cu, center were first examined through gene-
engineering by introducing the putative metal ligands
conserved in cytochrome ¢ oxidases and nitrous oxide
reductases, and those in blue-copper proteins into CyoA
lacking any bound copper (21-23). Photoaffinity cross-link-
ing studies involving azido-ubiquinone (12, 13), and ran-
dom and site-directed mutagenesis studies on cytochrome
bo (14, 15) indicated that the Cu, end of the cupredoxin
fold and the quinol oxidase-specific (Qox) domain provides
the Q. site and is involved in electron transfer to the metal
centers in subunit I. Tryptic digestion of cytochrome caas
produced a cut of CasA into the N-terminal transmembrane
domain and the C- terminal hydrophilic domain, but did not
affect the cytochrome c oxidase activity (24). The tight
physical interaction between the Cu, domain and subunit I
seems essential for inter-subunit electron transfer, as
revealed by X-ray crystallographic studies on cytochrome
aa; (25, 26).

In this study, we designed and characterized two chimer-
ic oxidases in which the C-terminal hydrophilic domain of
CyoA was replaced with the counterpart of CaaA containing
either the Cu, -cytochrome ¢ domain or a minimal fragment
containing all the Cu, ligands (Cu, ligand domain; Lys195-
Met207), and identified the structural domains of subunit IT
for quinol oxidation. In the former study, we designed a
chimeric terminal oxidase in which all the C-terminal
hydrophilic domain of CyoA was replaced with the counter-
part of CaaA containing the Cu, -cytochrome ¢ domain (27).
The defect in the aerobic growth of the terminal oxidase-
deficient E. coli mutant was suppressed in rare cases, and
analyses of one case showed that a membrane fraction of
the transformant had both quinol and TMPD oxidase ac-
tivities, but at much reduced levels.

MATERIALS AND METHODS

Construction of Plasmids for Chimeric Oxidases—For
replacement of the periplasmic domain of CyoA, TthHBSI
and Agel sites were introduced into the cyoA gene on the
cytochrome bo-overexpression vector, pHN3795-1 (cyo-
ABCDE+ Ap") (28), by oligonucleotide-directed site-spe-
cific mutagenesis using a Sculptor in vitro mutagenesis
system (Amersham) (Fig. 1). pHNchi5 was constructed by
replacement of the TthHB8I-Sacll fragment of pHN3795-
1 with a PCR-amplified DNA encoding the Cu,-cytochrome
¢ domain of CaaA, and pHNchi6 was made by replacement
of the Mnll- Agel fragment of pHN3795-1 with a PCR-am-
plified DNA encoding the Cu, ligand domain of CaaA (Fig.
1). pHNchi2-1, in which the N- and C-termini of the Cu,-
cytochrome ¢ domain of CaaA were fused to the C-terminus
of CyoA and N-terminus of CyoB, respectively, was simi-
larly constructed from pHNchi (27) by deleting the stop
codon of CyoA (Fig. 1). DNA manipulations were carried
out according to Sambrook et al. (29).

The E. coli mutant, ST2592 (dcyo::cat Acyd::kan) (30),
which lacks both bo- and bd-type ubiquinol oxidases, and is
defective in aerobic growth on non-fermentable carbon
gources, was used for transformation with the pHN3795-1
derivatives. Transformants were obtained using 2XTY
agar plates supplemented with 50 xg/ml ampicillin and 30
g/ ml chloramphenicol.
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Cell Culture, and Preparation of Crude Membranes and
Puyrified Enzymes—Two-milliliter aliquots of overnight
cultures were inoculated into 100 ml of minimal medium A
(31) supplemented with 1% polypeptone, 0.5% yeast ex-
tract, 0.5% casamino acids, 1% glycerol, 20 xg/ml ampicil-
lin, and 6 xg/ml chloramphenicol in 1 liter flasks. ST2592
harboring pHNchi5, pHNchi6, pHNchi2-1 or pHN3795-1,
and ST4676 (dcyo::cat cyd+) (32) were aerobically grown
at 37°C with shaking at 160 rpm, and crude membranes
were prepared as described previously (27). The wild-type
cytochrome bo from E. cok (33) and cytochrome caa, from
thermophilic Bacillus PS3 (3) were purified as described
previously.

Analytical Procedures—TMPD and Q,H, oxidase activ-
ities were measured in 20 mM sodium phosphate buffer
(pH 6.0) containing 1 mM EDTA, using millimolar extinc-
tion coeflicients of 10.5 at 562 nm and 8.5 at 278.5-252.4
nm, respectively, as described previously (27), except for
the following measurement. For turnover measurement,
Q,H, oxidase activity (Fig. 4) was measured in 50 mM
Tris-HCI, pH 7.1, containing 0.1% sucrose monolaurate,
using a millimolar extinction coefficient of 12.3 at 275 nm
at 25°C (34). Absorption spectra were measured with a
Beckman DU-70 spectrophotometer, and the contents of
cytochrome bo, cytochrome bd, and heme d were calculated
using millimolar extinction coefficients of redox difference
spectra; 27.6 at 562-600 nm (Mogi, unpublished results),
21.0 at 561-580 nm, and 27.9 at 628-651 nm (35), respec-
tively. The cytochrome bo contents in the presence of other
b-type cytochromes were determined from CO-difference
spectra using a millimolar extinction coefficient of CO-
difference spectra of 206 at 416-430 nm. Determination of
protein concentrations, heme staining for detection of heme
C-attached proteins after SDS-PAGE, and Western blot-
ting analyses with rabbit antiserum against cytochrome bo
or cytochrome caa; were carried out as cited previously
(27). Other materials were obtained as described previous-
ly (27).

RESULTS AND DISCUSSION

Expression of Chimeric Oxidases—To probe the location
of the Q, site and a pathway for inter-subunit electron
transfer, we constructed plasmids that produce chimeric
ubiquinol oxidases in which parts of the C-terminal hydro-
philic domain of subunit II (CyoA) in cytochrome bo-type
ubiquinol oxidase from E. coli were replaced with the
Cu,-cytochrome ¢ (pHNchi5) or Cu, (pHNchi6) domain of
CaaA, i.e. subunit II, of cytochrome caa;-type cytochrome
¢ oxidase from thermophilic Bacillus PS3 (Fig. 1). pHNchi5
and pHNchi6 suppressed a defect in the aerobic growth of
a terminal oxidase-deficient mutant, ST2592 (dcyo dcyd),
on a minimal-1% glycerol agar plate, whereas pHNchi2-1,
the subunit I1-I fusion with the Cu, -cytochrome ¢ domain of
CaaA (Fig. 1), failed to grow aerobically on the same agar
plate. This indicates that the expression level and/or the
enzymatic activity of the chimeric oxidase encoded by
pHNCchi2-1 are not enough for aerobic growth under oxygen
stress.

Expression of the chimeric enzymes was examined by
Western blot analysis of crude membranes using anti-
cytochrome caa, serum (Fig. 2). Only the 39 kDa band of
the ST2592/pHNchi5 membranes (lane A) cross-reacted

2T0Z ‘T Jego1dQ Uo [eyidsoH uensuyD enybueyd e /610'sfeuinopioxo qly/:dny woly pspeojumod


http://jb.oxfordjournals.org/

K. Sakamoto et al.

Fig. 1. Designs for construction of chimeric
subunit II of cytochrome bo-type ubiquinol
oxidase. Alignment of the primary sequences for
the hydrophilic region of subunit II from the E.
coli cytochrome bo and the thermophilic Bacillus
PS3 cytochrome caa, (shadowed) is shown with
the secondary structures of cytochrome bo reveal-
ed by X-ray crystallography (23) and the C-ter-
minal portion of a putative transmembrane helix
I (closed box). The Cu, ligands are indicated by
stars (22, 23). Five restriction sites used for the
construction of the chimeric subunit II are also
indicated.
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Fig. 2. Western blot analysis of crude membranes isolated
from transformants using the anti-cytochrome caa, antiserum.
SDS-PAGE was carried out using 50 ug protein of the membranes or
1 ug of the purified enzymes per lane. A, ST2592/pHNchi5; B,
ST2592/pHNchi6; C, ST2592/pHN3795-1; D, ST4676; E, cyto-
chrome caa,; F, cytochrome bo.

with the anti-cytochrome caa; serum, besides the 38 kDa
band (CaaA) of the purified cytochrome caas (lane E). The
absence of a cross-reaction with the ST2592/pHNchi6
membranes suggests that the antigenic group(s) is localized
in the C-terminal third of the cupredoxin fold or the
cytochrome ¢ domain of CaaA.

Growth Phenotypes of ST2592 Transformants—In our
previous studies (27), the number of aerobic transformants
of ST2592 with pHNchi, in which the putative C-terminal
hydrophilic domain of CyoA was completely replaced with
the Cu,-cytochrome ¢ domain of CaaA, was unexpectedly
low. Thus, we examined the ratio of aerobic vs. anaerobic
transformants with the new constructs, and found that the
values for pHNchi5 and pHNchi6, 0.91 and 0.94, respec-

ﬂl.KK“LRDPN‘SVKPGNKNAGI—YGHLTEEQIDALTKYLMSLWFGKLSLD- --

TABLE I. Efficiency of transformation and growth, and char-
acterization of crude membranes. The cytochrome b content was
calculated from the Na;S:0,-reduced munus air-oxidized difference
spectra. TMPD and quinol oxidase activities were measured spectro-
scopically in 20 mM sodium phosphate buffer (pH 6.0) containing
EDTA with 0.25 mM TMPD or 0.20 mM Q,H; as the substrate. The
numbers of membrane preparations examined were eight for
8T2592/pHN3795-1, ST2592/pHNCchi5, and ST2592/pHNchi6.

Ratio of Cytochrome & Oxidase activity

Strain colonies content TMPD QH,

(+04/—0,) (nmol/mg) (nmol/min/mg)
ST2592/pHN3795-1 1.00 0.49+0.06 10t5 104%11

ST2592/pHNchi5 0.91 0.20+0.056 19x7 13t6
ST2592/pHNCchi6 0.94 0.34+0.07 31%+9 57+16

ST2592/pHNchi2-1 0 - -

tively, were slightly smaller than the 1.0 of the wild-type
control with pHN3795-1 (Table I). The doubling times of
S$T2592/pHNchi5 and ST2592/pHNchi6 are about 2-fold
and 1.5-fold greater than that of ST2592/pHN3795-1,
respectively, indicating that the expression level and/or
specific activity of the chimeric enzymes determine the
aerobic growth rate. On the contrary, ST2592 without
transformation or ST2592 transformed with pHNchi2-1
(ST2592/pHNchi2-1) gave few colonies (i.e., <0.001)
under aerobic growth conditions. Unlike the subunit I1-I-IIT
fusion of the native subunits (36), the subunit II-I fusion
with the Cu, -cytochrome ¢ domain of CaaA seems to result
in a nonfunctional enzyme.

Spectroscopic Properties of Chimeric Oxidases—Redox
difference spectra of the solubilized membranes from
ST2592/pHNchi5 and ST2592/pHNchi6 showed a broad a
peak at 560 nm (data not shown), characteristics of low-
spin heme b of wild-type cytochrome bo, as shown for
ST2592/pHN3795-1 (27, 30). Although the contributions
of cytochrome b5 Of succinate dehydrogenase and cyto-
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chrome bd-II are not negligibly low, the contents of total
b-type cytochromes were estimated from the redox differ-
ence spectra as an indicator of the expression levels of the
chimeric oxidases, and were found to be reduced to 41 and
69% of that of ST2592/pHN3795-1 in ST2592/pHNCchi5
and /pHNchi6, respectively (Table I). It is also noteworthy
that unlike ST2592/pHNCchi (27), we found no shoulder at
around 550 nm in the redox difference spectrum and no
heme-staining on SDS-PAGE gels (data not shown), in-
dicating the absence of c¢-type cytochrome.

High-spin heme o of the chimeric oxidases was examined
by means of CO-binding spectra of the solubilized mem-
branes (Fig. 3). ST2592/pHN3795-1, ST2592/pHNchi5,
and ST2592/pHNchi6 gave essentially the same CO-bind-
ing spectra with a peak at 416 nm and a trough at 430 nm,
indicating that there is no effect on high-spin heme ¢ in
subunit I. The expression levels of cytochrome bo esti-
mated as the heme o content were 0.15, 0.06, and 0.12
nmol/mg protein, respectively.

Enzymatic Activities of Chimeric Oxidases—The Q,H,
oxidase activity of the crude membranes from ST2592/
pHNchi5 or /pHNchi6 was only 13 and 55%, respectively,
of that of ST2592/pHN3795-1 (Table I). On the contrary,
TMPD oxidase activity was very low even in the mem-
branes from ST2592/pHNchi5 and ST2592/pHNchi6 in
comparison with that of the Bacillus caa;-type enzyme, but
still not negligible in comparison to that of ST2592/
pHN3795-1 (Table I). The specific activities of crude
membranes should be related to the expression levels of the
chimeric enzymes and turnover numbers of the chimeric
enzymes. The amounts of chimeric enzymes can directly be
estimated by means of CO-difference spectra as the CO-
reacting heme o content (Fig. 3).

The turnover numbers of chimeric oxidases were com-
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Fig. 3. CO-difference spectra of crude membranes containing
the chimeric oxidase. The membranes were solubilized with 2%
Triton X-100 containing 0.2 M Tris-HCl, pH 8.0, and CO-reduced
minus reduced difference spectra were taken at room temperature. A,
ST2592/pHNchi5 (5.6 mg protein/ml); B, ST2592/pHNchi6 (6.0
mg protein/ml); C, ST2592/pHN3795-1 (5.1 mg protein/ml); D,
ST4676 (5.7 mg protein/ml).
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pared with those of cytochromes bo and bd (Fig. 4), where
the sensitivity to 0.2 mM NaCN is also shown. Cytochrome
bo is known to be two-orders of magnitude more sensitive
to cyanide than cytochrome bd (37), which might be
induced under selective pressure during aerobic growth as
the alternative bd-type quinol oxidase (cytochrome bd-1I;
AppBC) (38, 39). In this experiment, cells (ST2592/
pHNCchi5 and ST2592/pHNchi6) were grown from single
colonies which gave typical results in Table I, respectively,
to obtain mean values as in the table. The turnover
numbers of ST2592/pHNchi5 and ST2592/pHNchi6 were
about 28 and 65% compared to ST2592/pHN3795-1 with
0.20 mM Q, H,, and the activities were mostly inhibited by
0.2 mM cyanide. The chimeric oxidase, especially that
from ST2592/pHNchi6, seem to retain a part of the Q, site
and the electron transfer pathway to heme b in subunit I. In
contrast to ST4676 expressing only cytochrome bd, at least
half of the TMPD oxidase activity of ST2592/pHNchi5 and
ST2592/pHNchi6 was cyanide-sensitive as in the case of
the wild-type cytochrome bo of ST2592/pHN3795. The
turnover numbers for the cyanide-sensitive TMPD oxida-
tion by the chimeric oxidases were 3- to 5-fold higher than
that of the wild-type cytochrome bo of ST2592/pHN3795-
1, but below 5% of that of the purified cytochrome caa,
(24), indicating that the TMPD oxidation at Cu, and/or
subsequent electron transfer to low-spin heme & are
unfavorable in the chimeric enzymes. Similar results were
obtained with yeast cytochrome c as the substrate, but the
turnover numbers of chimeric enzymes were about 1/5 of
that in the case of TMPD oxidation.

The quinol oxidase activity of the chimeric oxidases was
further analyzed kinetically. For ST2592/pHNchi6, the
Vmax value, 140 s~!, was almost identical to that of the
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Fig. 4. Cyanide sensitivity of the Q@ H, and TMPD oxidase
activities of crude membranes isolated from ST2592/pHNchi5,
ST2592/pHNchi6, ST2592/pHN3795-1, and ST4876. For the
activity, the cyanide-insensitive portions are shadowed. The TMPD
and Q,H,; oxidase activities, measured at 562 nm in 20 mM potassium
phosphate (pH 6.0) containing 1 mM EDTA, and at 2756 nm in 50 mM
Tris-HCl buffer (pH 7.1) containing 0.1% sucrose monolaurate, re-
spectively, are normalized as to the cytochrome o content. The final
concentrations of cyanide, TMPD, and Q,H, were 0.2, 0.25, and 0.2
mM, respectively.
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wild-type control (i.e., ST2592/pHN3795-1), whereas the
K., value for Q,H; increased to 220 4M from the control
value, 48 4M, indicating a structural change at the Q. site.
In contrast, both the K, and Vu.x values for ST2592/
pHNchi5 changed, to 340 uM and 63 s™', respectively,
indicating that the chimeric oxidase is perturbed not only in
sustrate-binding but also in internal electron transfer.

Conclusion and General Discussion—In our previous
study (27), all the C-terminal periplasmic domain of CyoA
including the connecting region (i.e., Lys109-Glul121; see
Fig. 1) between transmembrane helix II and the cupredoxin
fold was replaced with the counterpart of CaaA containing
the Cu,-cytochrome ¢ domain. ST2592 transformants with
pHNCchi were generally unable to grow aerobically, but we
could isolate a few aerobic clones. One of them showed
appreciable TMPD oxidase activity and heme c¢-binding to
the chimeric subunit II, indicating electron transfer from
reduced TMPD to low-spin heme b through Cu, (27).
Conversion of this chimeric enzyme to the subunit II-I
fusion protein (i.e., pHNchi2-1) did not alter the pheno-
types (Table I).

Of our new constructs, pHNchi5 was designed to include
the connecting region of CyoA compared to pHNchi (27),
whereas pHNchi6 was constructed to introduce only the
Cu, ligand domain of CaaA (Fig. 1). These attempts were
successful, and we were able to demonstrate the aerobic
growth and cyanide-sensitive Q,H; oxidase activities of the
chimeric oxidases (Table I and Fig. 4). The kinetic analysis
of the Q,H; oxidation by the chimeric oxidases revealed the
importance of both the connecting region and the a,-a,- 8-
a; domain at the C-terminus (Qox domain in Ref. 15) of
CyoA. We found recently that five (GIn233His, Met248Ile,
Ser258Asn, Phe281Ser, and His284Pro) of seven ubiqui-
none-related inhibitor-resistant mutations are localized in
the Qox domain (15). It should be noted that the K,
mutation at Trp136 was found next to the connecting region
(14). Thus, the connecting region and the Qox domain may
be a part of the Q, site or provide physical inter-subunit
interactions that favor electron transfer from the Q. site to
heme b. These results provide further support for our
proposal that the Cu, end of the cupredoxin fold and the
quinol oxidase specific (Qox) domain provides the Q, site
and is involved in electron transfer to the metal centers in
subunit I (15). Since the bound ubiquinone at the Qy site is
essential for the quinol oxidation at the Q, site (16, 18, 19),
the Q4 site may be located in transmembrane helices of
subunit II and/or subunit I.

On the basis of the results of phylogenetic analyses of
subunits I and II of the heme-copper terminal oxidases,
gimilarities in operon structures and arrangements of
transmembrane helices, it was proposed that eubacterial
SoxM-type quinol oxidases including E. coli cytochrome bo
have evolved from cytochrome c oxidase of Gram-positive
bacteria like Bacillus (40). The close similarity in the
primary sequences of subunit II suggests that such changes
should not be so drastic. Cytochrome c oxidase of the
present thermophilic Bacillus may have a protein structure
that is still convertible to that of quinol oxidase. The poor
TMPD and cytochrome c oxidase activities of the chimeric
oxidases may be related to the amount of the fully and
functionally assembled Cu,, or perturbation of the TMPD
oxidation at Cu, and/or subsequent electron transfer to
heme & in these constructs. Such possibilities can be
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examined by detailed analyses of the purified chimeric
oxidases.

In conclusion, through the construction and characteriza-
tion of chimeric oxidases, we again realized the importance
of the connecting region and the quinol oxidase domain of
CyoA in the oxidation of ubiquinols. Defining the functional
residues of the Q. site of quinol oxidases will reveal not
only a unique molecular mechanism for quinone redox
chemistry in bacterial quinol oxidases but also provide a
clue as to molecular evolution of eubacterial quinol oxidases
from the SoxM-type cytochrome ¢ oxidase.

We would like to thank S. Ohsono and T. Ichien (Eisai Co., Tsukuba
and Tokyo) for the kind gift of ubiquinone-1.
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