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Cytochrome bo-type ubiquinol oxidase in Escherichia coli belongs to a superfamily of the
heme-copper respiratory oxidases and catalyzes the redox-coupled proton pumping.
Previous studies (Y. Orii, T. Mogi, M. Sato-Watanabe, T. Hirano, and Y. Anraku (1995)
Biochemistry 34, 1127-1132] suggest that it requires chloride ions for the facilitated heme
b-to-heme o intramolecular electron transfer. To extend our previous studies on chloride
binding by bo-type ubiquinol oxidase, we prepared two kinds of chloride-bound enzymes,
UQ0-412 and UQO-409, and a chloride-depleted enzyme, UQO0-407, and examined their
spectroscopic and enzymatic properties. UQO-412, which exhibits the Soret peak at 412 nm
in the air-oxidized state, was obtained by purification with anion-exchange liquid chro-
matography, and UQO-409 was derived from UQO-412 by extensive washing and showed a
3-nm blue shift. UQO-407 was obtained from UQO-409 by omitting chloride ions from
buffers throughout purification and showed a further blue shift in the Soret peak and the
pronounced chloride-sensitive EPR signals at g =6 and g=3.15, which are attributable to
spin-spin exchange interaction at the binuclear center. Kinetic studies on chloride binding
by UQO-407 revealed the presence of a chloride-binding site with a K, value of 3.5 mM.
Flow-flash experiments demonstrated that the heme b-to-heme o electron transfer was
perturbed in both UQO-409 and UQO-407, although steady state enzyme activities of three
UQOs were indistinguishable. The present studies demonstrated that the E. coli bo-type
ubiquinol oxidase is endowed with a novel chloride-binding site which controls the
electromagnetic state of the heme-copper binuclear center. Further, we suggest that the
intramolecular electron transfer in the enzyme requires diffusible molecules other than the
bound chloride ion.

Key words: chloride binding site, cytochrome bo, electron transfer, heme-copper binuclear
center, terminal oxidase.

Cytochrome bo-type ubiquinol oxidase (UQO) of the aero-
bic respiratory chain in Escherichia coli functions as a
predominant terminal oxidase under highly aerated growth
conditions (I). It belongs to the heme-copper terminal
oxidase superfamily (2) and catalyzes not only redox-cou-
pled proton pumping but also scalar proteolytic reactions
(3), the two-electron oxidation of ubiquinol-8 (Q,H,) at the
periplasmic side and the four-electron reduction of molecu-
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netic resonance.
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lar oxygen at the cytoplasmic side of the inner membrane.

Subunit I of UQO binds all the metal centers, low-spin
heme b, high-spin heme o, and Cu; (4, 5). The latter two
centers are antiferromagnetically coupled in the air-oxi-
dized state and form the heme-copper binuclear center (6,
7). Photoaflinity crosslinking studies using an azido-qui-
none derivative revealed that subunit II provides a binding
site(s) for substrate (8). Besides a low-affinity quinol-
oxidation site (Q.), UQO has a high-affinity quinone-bind-
ing site (Qu) which can stabilize a ubisemiquinone radical
and appears to be essential for catalytic functions (9-11;
Sato-Watanabe, M., Mogi, T., Anraku, Y., and Orii, Y.,
unpublished results). The bound Qs at the Qy site seems to
mediate electron transfer from the Q. site to low-spin
heme b and provides the fourth electron to complete a
single turnover of dioxygen reduction, like Cu, of cyto-
chrome ¢ oxidase (12, 13). Subsequently, a long range
electron transfer from heme b to heme o takes place within
subunit I, probably through a covalent bond system consist-
ing of side-chains of heme ligands and their connecting
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peptide bonds “His*?'-Phe*?°-His*'®” (4, 14). Finally, di-
oxygen is reduced to water at the heme 0-Cug binuclear
center, where both preferential binding and reduction of
dioxygen are promoted by Cug (15).

Time-resolved resonance Raman spectroscopy of UQO
demonstrated the formation of the oxy intermediate, which
then decays to the oxoferryl species, and thus suggests that
the dioxygen reduction proceeds as found in mammalian
cytochrome c oxidase (16). Flow-flash studies revealed that
ligand binding is the rate-limiting step in the reaction of
UQO with dioxygen, while intramolecular electron transfer
is rate-limiting in that of mammalian cytochrome c oxidase
(12). We noticed recently that the heme b-to-heme o
intramolecular electron transfer in the chloride-depleted
UQO was severely perturbed as compared to that of the
chloride-bound UQO (13). The heme b-to-heme o electron
transfer seems to require chloride ion(s) for maintaining a
subtle molecular structure around the metal centers (13).

In this article we isolated two chloride-bound and one
chloride-depleted enzyme preparations and extended our
spectroscopic and enzymatic studies on chloride binding by
the E. coli UQO. Based on these observations, we suggest
that UQO contains a novel chloride-binding site which
controls the electromagnetic state of the heme-copper
binuclear center.

EXPERIMENTAL PROCEDURES

Purification of UQO—UQO was isolated from the cyto-
chrome bo-overproducing strains GO103/pMFO2 (cyo*
deyd/cyot; Ref. 7) and GO103/pHN3795-1 (cyo*decyd/
cyo*; Ref. 15). The preparations are classified into three
groups based on the purification procedures and their
absorption maxima in the air-oxidized state. UQO-412
(i.e., Cl-UQO in Ref. 13) was isolated by DEAE-5PW
HPLC using the Tris-HCl/NaCl buffer system containing
0.1% (w/v) sucrose monolaurate (SM; Mitsubishi-Kasei
Food, Tokyo). UQ0O-409 was obtained from UQO-412 by
washing with 50 mM Tris-HCl (pH 7.4) containing 0.1%
SM with and then without 1 mM EDTA via ultrafiltration
using Centriprep 100 (Millipore) (7). UQO-407 (i.e.,
S0,-UQO in Ref. 13) was isolated by HPLC using the Tris-
H,S0,/Na,S0, buffer system containing 0.1% SM and was
washed with 50 mM Tris-H,SO, (pH 7.4) containing 0.1%
SM with and then without 1 mM EDTA. UQO-407 can be
also obtained by dialysis of UQO-409 as described below.
Enzyme concentration was estimated from heme content as
described previously (7).

Removal of Bound Chloride Ions from UQO by Dialy-
sis—UQO-409 (ca. 0.5 mM) was diluted to 50 4 M with 50
mM Tris-H,SO, or Tricine-Tris (pH 7.4) containing 0.1%
SM. Samples (ca. 1 ml) were dialyzed against 2 liters of 50
mM Tricine-Tris (pH 7.4) containing 0.1% SM for three
days using a Spectrum dialysis tube (molecular weight
cut-off of 50 kDa).

Enzyme Assay—Quinol oxidase activity was determined
spectrophotometrically (9). Measurements were done in 50
mM Tris-HCI (pH 7.4) containing 0.1% SM (for UQO-412
and UQO-409) or 50 mM Tris-H,S0, (pH 7.4) containing
0.1% SM (for UQO-407). The apparent K, and V. values
were determined by double-reciprocal plots at the Q,H,
concentrations of 20, 25, 33, 50, and 200 «M.

Optical Spectroscopy— Absolute visible spectra of each
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preparation (2.5 yM) were recorded at room temperature
with a Shimadzu UV-3000 double wavelength spectro-
photometer (Shimadzu, Kyoto) (17). The air-oxidized (i.e.,
as isolated) enzyme in the buffer used for enzyme assay was
anaerobically reduced with 5 mM sodium dithionite in a
rubber-capped cuvette, then a CO-bound form was prepar-
ed from the reduced enzyme by replacing N, atmosphere
with CO. Low temperature spectra of the air-oxidized
enzyme (10 uM) were taken at 77 K using an optical cell
with a 2-mm light path, and the second-order finite differ-
ence spectra of the Soret peak were calculated with a 41 =
4.9 nm. Preincubation of UQO with 0.1 M NaCl was done
on ice for one day. The reaction of fully reduced UQO (2
M) with dioxygen was investigated by using a flow-flash
technique on an apparatus described previously (12, 13).
The response time of the detector for measurement of a
time scale of 10 ms was 1 us.

EPR Spectroscopy—EPR measurements with the air-
oxidized enzyme (400 xM) were carried out at X-band
(9.23 GHz) microwave frequency with a Varian E-12 EPR
spectrometer with 100-kHz field modulation (7). An
Oxford flow cryostat (ESR-900) was used at 5 K. Accuracy
of the g values was +0.01.

Kinetic Analysis of Chloride-Binding to UQO-407—
Upon addition of NaCl, absorbance change of UQO-407 (2.5
#M) in 50mM Tris-H,SO, containing 0.1% SM was
monitored with a Shimadzu UV-3000 double wavelength
spectrophotometer in a dual beam mode. Initial rates of the
absorbance decrease at 402.5 nm relative to that at 411 nm
(i.e., isosbestic point) were determined at room tempera-
ture. The apparent K, value was determined by double-
reciprocal plots at NaCl concentrations of 4, 5, 6.67, 10, 20,
and 80 mM.

RESULTS

Visible Spectroscopic Analysis—Absolute spectra of
UQ0-412 [ie., C1-UQO (13)]), UQO-409 (7, 9), and
UQO0-407 [i.e., SO,-UQO (13)] were recorded under air-
oxidized (as isolated), dithionite-reduced and reduced CO-
bound conditions in the absence and presence of 0.1 M NaCl
(Fig. 1 and Table I). Extensive washing of the Cl-bound
UQO0, UQO0-412, via ultrafiltration resulted in a 3 nm blue-
shift of the Soret peak in the air-oxidized state (UQO-412
and -409 in Fig. 1). Moreover, chloride-depletion from
UQO-409 by washing or dialysis caused a further blue-shift
of the Soret peak to 407 nm. In contrast, dialysis on UQO-
412 resulted in only a slight change of the Soret peak (Table
I). SDS-polyacrylamide gel electrophoresis analysis show-
ed that relative amounts of subunits I, II, III, and IV were
unaffected by these treatments (data not shown). This
suggests that a loss of other diffusible factor(s) which
controls the 412 nm-t0-409 nm transition is a prerequisite
for a further blue-shift. The 409-t0-407 nm blue-shift can
be reversed by incubation of UQO-407 with 0.1 M NaCl,
while the Soret peak of UQO-409 and UQO-412 was
unaffected by addition of NaCl (Fig. 1D and Table I). This
indicates that a bound chloride ion(s) controls the Soret
peak maximum of the air-oxidized UQO. This was confirm-
ed by dialysis of UQO-409 against 50 mM Tricine-Tris
buffer (pH 7.4) containing 0.1% SM. The resultant prepa-
ration showed the Soret peak at 407 nm, which was also
shifted back to 409 nm upon addition of 0.1 M NaCl (Table
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I). Subsequently, the molecular structure of the binuclear
center of the air-oxidized UQOs was probed with cyanide,
which forms a Feo (I11)-CN-Cus (II) bridging structure (7).
Overnight incubation of the air-oxidized UQOs with 1 mM
KCN in all cases resulted in blue-shifts of the Soret peak to
414 nm (data not shown), indicating that there is no
difference in the molecular environment at the binuclear
center of the cyanide-bound UQOs.

In contrast to the air-oxidized enzymes, the Soret peak
maxima of the dithionite-reduced forms and the CO-bound
forms showed only slight differences (i.e., the Soret peak at
about 427 and 417 nm, respectively) (Table I). These
observations are consistent with kinetic analysis of Q,H,
oxidase activity showing that differences in the Soret peak
maxima did not affect the steady state oxidase activity
(data not shown). All three preparations exhibited the same
K, value of 50 uM and the apparent V. value of about
900 e-s1.

To resolve spectral components attributable to the blue
shift of the Soret peak, second-order finite difference
spectra of the air-oxidized UQOs at 77 K were calculated
with 41 =4.9 nm (Fig. 2). UQO-409 showed three negative
peaks at 402, 413, and 418 nm, and a loss of the bound
chloride ion increased the 402-nm component (Fig. 2, A and
C). The 413-nm component may be ascribed mainly to
low-spin heme b, since this peak position is close to the
Soret peak (415nm) of the His419Ala mutant oxidase,
where high-spin heme o was absent because of a lack of its
proximal ligand (18). Overnight incubation of UQO-407
with 0.1 M NaCl reduced the intensity of the 402-nm
component, consistent with the effect on the Soret peak
shift (Fig. 1D). Similarly, the 402-nm component increased
in UQO-409 which had been prepared by dialysis, and the
blue sift was suppressed by addition of NaCl (data not
shown). Thus, these results indicate that the 409 nm-to-
407 nm blue-shift in the Soret peak of the air-oxidized

0.2
—_

(A) UQO-412

(B) UQO-409

Absorbance

(C) UQO-407

(D) UQO-407
+0. IMNaCl
1 A 1
400 450 500
Wavelength (nm)

Fig. 1. Absolute visible spectra of UQ0-412 (A), UQ0-409 (B),
and UQO-407 (C, D) in the air-oxidized state. UQOs were isolated
from the cytochrome bo-overproducing strain GO103/pHN3795-1
(cyo*deyd/cyo*). Absolute spectra of 2.5 4M enzyme in 50 mM
Tris-HC1 (pH 7.4) containing 0.1% SM (A, B) or in 50 mM Tris-
H,S0, (pH 7.4) containing 0.1% SM (C, D) were recorded at room
temperature in the absence (A-C) and presence of 0.1 M NaCl (D).
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UQO is attributable to changes in the molecular environ-
ment of high-spin heme o upon removal of a bound chloride
ion(s).

Ion Specificity of the Chloride Binding Site—To examine
the halide ion specificity of the novel chloride-binding site,
we determined the Soret peak maximum of UQO after
overnight incubation with 0.1 M sodium salts (Table II).
The effects of NaCl and NaBr differed greatly from those of
NaF and Nal, which caused blue-shifts of the Soret peak.
We then recorded time-dependent spectral changes in
UQO-407 to resolve spectral components in the Soret peak
shifts (Fig. 3). Addition of NaCl or NaBr increased in
intensities of both a trough at 402.5 nm and a peak at 418.5
nm, while NaF and Nal induced a blue-shift of the 413-nm
component to 398 nm with a slight intensity change (Fig.
3). The 402.5-nm trough seems to be related to the 402-nm

TABLE 1. Visible spectroscopic properties of UQOs under
various conditions. Absolute UV.visible spectra of UQQ-412 and
UQ0-409 in 50 mM Tris-HCl (pH 7.4) containing 0.1% SM, UQO-
407 in 50 mM Tris-H,SO. (pH 7.4) containing 0.1% SM before and
after dialysis against 50 mM Tricine-Tris (pH 7.4) containing 0.1%
SM were recorded at room temperature. The enzymes were used at
2.5 uM.

Soret peak (nm)

Preparation Dialysis Noni\lr-o—):l(()i.lfe; < Reduced CO-bound
UQ0-412 - 412 412 428 417.5

+ 411 NT® 427 418
UQO0-409 - 409 409 427 417

+ 407 409 427 417
UQ0-407 — 407 409 427 417

+ 407 410 427 417

2Not tested.

0.1

A? Absorbance

\.\\‘ ©

(D)

i Il ]

390 400 410 420 430
Wavelength (nm)

Fig. 2. Second-order finite difference spectra of the air-oxi-
dized UQO-409 (A, B) and UQO-407 (C, D) at 77 K in the absence
(A, C) and presence (B, D) of 0.1 M NaCl. Low temperature spectra
of the air-oxidized enzymes (10 M) were recorded at 77 K using an
optical cell with a 2.mm light path and their second-order finite
difference spectra were calculated with a 41 value of 4.9 nm. Other
details are described in the legend to Fig. 1.
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component in the second-order finite spectrum of UQQO-407
at 77 K (Fig. 2). Binding of Cl or Br ions to UQO-407
increased the intensities of the « and 8 peaks, 550 and 525
nm, respectively, to similar amplitudes, and decreased
slightly the intensities of the ferric high-spin marker band
at 630 nm (19, 20) and the 660-nm band. The former peak,
an indicator of its transition probability, is attributable to
integral spin systems with zero field splitting terms compa-
rable to the Zeeman interaction (21, 22). Fluoride binding
increased the intensities of both bands and induced a small
blue shift of the Soret peak, as reported previously (19, 20,
23, 24), while addition of Nal did not affect the absorption
over 600 nm. These data suggest that UQO contains a novel
chloride- and bromide-specific binding site, which controls

TABLE 1II. Effect of sodium halides on the Soret peak of the
air-oxidized UQOs. The air-oxidized enzymes (2.5 uM for UQO-
409 and UQ0-407 or 1 xM for UQO-412) in 50 mM Tris-H,SO, (pH
7.4) containing 0.1% SM were incubated with 50 mM NaCl, NaBr,
NaF, or Nal at 4°C overnight and their absolute UV-visible spectra
were recorded at room temperature.

Soret peak (nm)

Preparation None NaCl NaBr NaF Nal
UQO0-412 412 411.5 412 407 409
UQO0-409 409 409 408.5 405 407.5
UQO0-407 407 409 409 405 406
(A) NaCl
K = “
F 1h
2h
I Y 3n
4h
SI 5h
o
(B) NaBr
Y e
=
I
fal
[
Qo
172}
a8 F
<
(C) NaF
V= “1
ﬁ (D) Nal

400 500 600 700 800 900

Wavelength (nm)

Fig. 3. Time-dependence of difference spectra of the air-oxi-
dized UQO-407 after addition of NaCl (A), NaBr (B), NaF (C),
and Nal (D). The spectra of the air-oxidized enzyme (5 xM) in 50
mM Tris-H,S0, (pH 7.4) containing 0.1% SM and 0.1% skim milk
were taken 1, 2, 3, 4, and 5 h after addition of sodium halides at a final
concentration of 50 mM. The spectrum just after addition of each
sodium halide was taken as a reference.
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the Soret peak of ferric high-spin heme o but is different
from the site(s) for fluoride and iodide ions.

To determine a dissociation constant for the chloride
binding by UQO-407, we measured initial rates for the
chloride-induced absorbance change at the Soret region
(A,025-As1). Double reciprocal plot analysis was carried
out at final concentrations of NaCl from 4 to 80 mM and
yielded a linear correlation with a K, value of 3.5 mM,
confirming the presence of a specific chloride-binding
site(s) in UQO (Fig. 4).

° o
» [=)
, .

)
[A(Abs,gu -Abs,, )/ pmol-min]
o

2300 -200 -100 O 100 200 300
[NacC1)'! (M)

Fig. 4. Double reciprocal plot analysis of chloride binding to
the air-oxidized UQO-407. Chloride binding to the air-oxidized
enzyme (2.5 uM) in 50 mM Tris-H,SO, (pH 7.4) containing 0.1% SM
was initiated by addition of NaCl, and the rate of increase in the
difference absorbance (A 5-A41:1) was monitored at room tempera-
ture.

(A) UQO-412

(B) UQO-412
(+NaCl)

(C) UQO-409

(D) UQO-409
(+ NaCh)

(F) UQO-407 -
(+NaCi)

100 200 300

Magnetic field (mT)

Fig. 5. EPR spectra of the air-oxidized UQO-412 (A, B),
UQO0-409 (B, D), and UQO-407 (E, F) in the absence (A, C, E) and
presence (B, D, F) of 0.1 M NaCl. EPR measurements of the
air-oxidized enzyme (0.4 mM) were carried out at 5 K and at X-band
(9.23 GHz) microwave frequency with 100-kHz field modulation.
Other experimental conditions were: modulation amplitude, 1 mT;
microwave power, 5 mW.
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(A) None

(B) NaCl

(C) NaBr

(D) NaF

AN A ™ /\4\
(E) Nal
I 1 [ 1 ) 1
100 200 300
Magnetic field (mT)

Fig. 6. Effects of halide ions on the EPR signals of the chlo-
ride-depleted UQO, UQO-407, in the air-oxidized state. UQO-
407 (0.4 mM) as isolated (A) was incubated overnight on ice with 50
mM NaCl (B), NaBr (C), NaF (D), and Nal (E). EPR measurements
were carried out at 5 K as described in the legend to Fig. 5.

EPR Spectroscopic Analysis—The heme-copper binu-
clear center of three UQO preparations was analyzed by
EPR spectroscopy at 5 K (Fig. 5). In the air-oxidized state,
UQO-412 exhibits a high-spin signal at g=6, low-spin
signals at g, =2.98 and g,=2.26, and signals attributed to
spin-spin exchange interactions at the binuclear center at
£=3.7 and 3.15 (Fig. 5), as reported previously (6, 7, 24).
The major part of the high-spin heme Fe®* is strongly spin-
spin coupled to Cup®* center and therefore EPR-invisible
(6, 7, 18, 25, 26). It should be noted that the g=6 signal of
UQO0-407 is only one-half of those of UQ0-412 and UQO-
409, indicating that the binuclear center of UQO-407 is
more tightly spin-spin coupled upon removal of the bound
chloride ion. Addition of 0.1 M NaCl to UQO-412 resulted
in slight increase of the g=3.15 signal. In UQ0-409 and
UQO-407, both the g=6 and the g=3.15 signals increased
significantly in intensity upon addition of NaCl (Fig. 5, D
and F). Subsequently, the effects of other halide ions on the
EPR signals were examined after incubation of the air-
oxidized UQOs with 0.1 M sodium salts (Fig. 6). The effects
of NaBr were similar to those of NaCl, as found in the
visible spectroscopic analysis (Table II and Fig. 3). In
contrast, the spin-decoupled g =6 signal was unaffected by
fluoride or iodide ions, and the addition of NaF resulted in
the formation of a species with a broad feature at g=10 and
a series of features at near g=3.2, 3.8, and 4.7, as reported
previously (19, 23, 24). These observations indicate that
the effects of NaCl and NaBr are quite different from those
of NaF and Nal.

Reaction of UQOs with Dioxygen—Dioxygen reduction
kinetics of the three UQOs was examined by the flow-flash

T. Hirano et al.
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Fig. 7. Time courses for reaction of the fully reduced UQO-412
(A), UQO-409 (B), and UQO-407 (C) with dioxygen followed at
428 nm. UQOs in 50 mM Tris-HC] (pH 7.4) containing 0.1% SM
(UQO0-412 and UQO0-409) or 50 mM Tris-H,SO, (pH 7.4) containing
0.1% SM (UQO-407) were mixed with dioxygen at final concentra-
tions of 2.5 and 145 uM, respectively, at 20°C. The traces are
positioned with arbitrary offsets for clarity, and the abrupt absorption
increase represents a release of the reduced enzyme upon photolysis
of the CO adduct.

method (Fig. 7). An absorption change at 428 nm following
reaction of the fully-reduced UQO-412 (Cl-UQO) with 145
uM dioxygen exhibited a single exponential decay (Fig.
7A), while both UQO0-407 (S0,-UQO) and UQO-409
showed a discrete biphasic decay (Fig. 7, B and C). The
reaction of the fully reduced UQO-412 is almost completed
within 1 ms, and the resultant species showed the a and
Soret peaks at 562.4 and 414.5 nm, respectively, which
were tentatively assigned to the pulsed form (12). In
contrast, UQO-409 and -407 exhibited an intense « peak at
563 nm, attributable to the reduced low-spin heme b, and
the broad Soret peaks from 420 to 415 nm, suggesting that
the heme b-to-heme o electron transfer was perturbed in
these preparations. Spectroscopic features of the resulting
species and of the air-oxidized three UQO preparations are
different from those of the oxoferryl species produced by
reaction of the air-oxidized enzyme (i.e., 406.5 nm) with
hydrogen peroxide (27). This species is characterized by
the Soret peak at 411 nm, increased absorbance at 555 nm,
a weak feature at 624 nm, and disappearance of the broad
g=23.7 signal (27). This and a previous observation (13)
that the effect of chloride depletion from UQO on the
dioxygen kinetics is irreversible suggest that the facilitated
heme b-to-heme o intramolecular electron transfer re-
quires an unidentified factor, which can be removed from
UQO by either extensive washing or dialysis, other than the
bound chloride ion.

DISCUSSION

The E. coli bo-type ubiquinol oxidase has been extensively
studied as a model system of the heme-copper terminal
oxidases, since it is amenable to molecular biological
studies. Structural models for the redox metal centers
proposed on the basis of site-directed mutagenesis studies
(Refs. 4, 5 for reviews) were confirmed by recent X-ray
crystallographic studies on cytochrome c oxidase (28, 29).
Possible pathways for proton translocation and electron
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transfer (4, 14, 18, 25, 28-31) are now being subjected to
experimental tests. To dissect electron transfer in UQO
into elementary processes, it is essential to establish
purification procedures for UQO that is characterized by a
kinetically intact and homogeneous structure.

In contrast to the Soret peaks of the reduced form (427-
428 nm) and the reduced CO-bound form (415-416 nm),
the values reported for the air-oxidized UQO vary widely
from 406.5 (20, 27) to 410+1 (10, 19, 25, 32, 33) nm.
Differences in purification procedures (e.g., detergents,
etc.) might be a major cause for the variation in the Soret
peak of the isolated UQO, and differences in heme composi-
tion (31) might also contribute. Preparations with the Soret
peak at 406.5 (20, 27), 410 (33), and 411 (19) nm have
been isolated from the cytochrome b&o-overproducing
strains, and the variability of heme O synthase activity
might alter the heme composition. However, we found no
difference in the heme B to heme O ratio (ca. 1:1) of
purified UQOs isolated from a cytochrome bd-deficient
strain harboring a multicopy expression vector (15, 16) or
a single copy expression vector (7, 10). In addition, the
variability of the Soret peak position cannot be attributed
to the presence of the oxoferryl species in our preparation.

Recently, we have reported that the facilitated heme
b-to-heme o intramolecular electron transfer exhibits a
single component kinetics (12) and requires chloride ions
(13). Since the effect of chloride ions was irreversible, we
extended the previous study by isolating the Cl-bound and
Cl-depleted UQOs, which show different Soret absorption
maxima in the air-oxidized state. We examined the correla-
tion of the Soret peak position with properties of the
binuclear center and the dioxygen kinetics and found for the
first time that the difference in the Soret peak maximum
was associated with perturbations at the binuclear center
and in the dioxygen kinetics. We demonstrated herein that
UQO-412 can be transformed to UQO-409 and UQO-407
by a sequential loss of diffusible small molecules and the
bound chloride ion, respectively. Since the bound phos-
pholipids have been found in crystal structures for both
bacterial and bovine cytochrome ¢ oxidase (28, 34), phos-
pholipids may play a functional role to maintain facilitated
intramolecular electron transfer in UQO. Recently, Puus-
tinen et al. (35) studied the kinetics of the dioxygen
reaction of the fully reduced UQO and reported that
binding of a single Qz molecule to UQO converts the
reaction kinetics from monophasic to multiphasic kinetics.
The product of monophasic reaction showed the « peak at
557 nm and the Soret peak at about 420 nm (35) and was
assigned to the oxoferryl intermediate (27). However, we
found that the UQO isolated from a ubiquinone biosynthe-
sis mutant (JubiA) exhibited multiphasic kinetics (Sato-
Watanabe et al., unpublished results) and that incubation
of UQO-412 and UQO purified in Triton X-100 with either
Q, or Q; did not alter the reaction kinetics from monophasic
to multiphasic (data not shown). The reaction product of
UQO0-412 with dioxygen exhibited the @ peak at 564 nm
and the Soret peak at 424 nm, which are different from
those of the oxoferryl species produced by reaction with
hydrogen peroxide (27) and of the fast reaction product of
Puustinen et al. (35). Furthermore, the turnover number
of UQO is about 900 e-s~?, indicating that the reduction of
dioxygen can be completed within 4 ms. Thus, we assume
that the bound Qs at the Q, site of the fully reduced UQO
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can donate the fourth electron to complete the dioxygen
reduction, thereby facilitating intramolecular electron
transfer (10, 11, 13).

Localization and Role of the Chloride-Binding Site—The
present study showed that removal of the bound chloride
ion from UQO does not affect steady state enzyme activity
and low-spin heme b but results in perturbation of spin-
spin exchange interactions at the binuclear center in the
air-oxidized state. Geier et al. (36) have reported that
when yeast cytochrome c¢ oxidase was isolated in the
presence of chloride, more than 90% of the population
showed the fast cyanide-binding kinetics. In the chloride-
depleted enzyme, the fast form was reduced to 70%.
Similar observations on the fast and slow forms of bovine
cytochrome ¢ oxidase have been attributed to chloride
binding to the binuclear center (37). However, yeast
preparations showed the same steady state activity and
Soret peak (424 nm) in the air-oxidized state (36). Further,
chloride depletion had a minor effect on the amplitude of
the g==6 high-spin signal, and the fast-to-slow conversion
was incomplete. Hence, the chloride-binding site in yeast
cytochrome ¢ oxidase must be similar to the one found in
the present study on UQO.

Addition of NaCl to the Cl-depleted UQO caused a
transition of ferric heme o from high-spin to low-spin state
in the visible absorption spectra whereas the g=6 high-
spin signal of ferric heme o increased in the EPR spectra.
This discrepancy can be explained as follows. Due to
antiferromagnetic spin-spin exchange coupling between
Fe’t, S=5/2, and Cu?*, S=1/2, most of the g=6 signal of
the air-oxidized UQO is invisible (6, 7, 25), as reported for
mammalian cytochrome c¢ oxidase (38). Removal of the
bound chloride ion from UQO is likely to cause a subtle
conformational change that increases the population in
tightly spin-spin exchange coupled state, and thus de-
creases the intensity of the g=6 signal (see UQ0-407 in
Fig. 5). Rebinding of chloride ions to the Cl-depleted UQO
is expected to restore the conformation and thus the spin-
spin coupling at the binuclear center. Indeed, the g=3.15
signal attributable to another form of the more weakly
spin-spin exchange coupled state regains its intensity upon
addition of NaCl. Some population of the ferric heme o may
be completely spin-spin decoupled and the g=6 high-spin
EPR signal intensity, therefore, increased (Fig. 5). A minor
population of the ferric heme o might be further converted
to the low-spin state, which was detected in the visible
absorption difference spectra (Fig. 3). These results indi-
cate that the chloride-binding site is close to the binuclear
center. Extended X-ray absorption fine structure studies on
the air-oxidized bacterial quinol oxidases (39, 40) and
mammalian cytochrome ¢ oxidase (41) suggested the
presence at the binuclear center of either sulfur or chloride,
which may mediate spin-spin exchange as a bridging ligand.
Since neither cysteine nor methionine is conserved at
around the binuclear center of this oxidase superfamily (2),
this atom, if present, is probably a bound chloride ion. Qur
observations, however, suggest that the bound chloride ion
that modulates the binuclear center cannot be a bridging
ligand. X-ray crystallographic studies on cytochrome c
oxidase support the absence of a bridging ligand in the
air-oxidized state (28, 29).

The chloride-binding site in human red and green color
vision pigments is responsible for a large bathochromic
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shift (1,132 cm™!) of the retinal chromophore and has been
identified as His'*” and Lys®°° in loop IV/V (42). Similarly,
it is possible that the bound chloride ion in UQO modulates
electromagnetically the heme-copper binuclear center
through long range interactions and is crucial in maintain-
ing a subtle molecular structure of the binuclear center.
Since the intracellular concentration of chloride ions in E.
coli is well above the K, value of the chloride-binding site
in cytochrome bo (43), this site seems physiologically
important in regulation of the terminal oxidase. All the
redox metal centers in subunit I of the heme-copper
respiratory oxidases are located close to the periplasmic
side (4, 5, 17, 18, 28, 29), therefore, the novel chloride-
binding site is likely to be located at the periplasmic ends of
putative transmembrane helices VI-VIII and X that hold
the binuclear metal center. Conserved basic amino acid
residues in the periplasmic loops (e.g., Arg® in loop I/1I,
Arg®7-Lys*® in loop VI/VII, and Arg**'-Arg*®? in loop XI/
XII) may serve as a binding site for chloride and bromide
ions and/or anchors for the heme propionate groups.
Furthermore, our spectroscopic studies clearly show that
the binding site(s) for fluoride and iodide ions is different
from the chloride/bromide-specific binding site. Fluoride
may directly coordinate to ferric high-spin heme o or
perturb spin-spin exchange interaction at the binuclear
center through direct binding to Cug?*.

In the present study, we demonstrated that UQO can be
prepared in three distinct forms that show different spec-
troscopic and enzymatic properties. Among them, UQO-
412 is the most suitable for kinetic studies on the reduction
of dioxygen. The biphasic nature of the dioxygen reduction
kinetics in UQO-409 and UQO-407 seems attributable to a
loss of small molecules (e.g., phospholipids) from the
oxidase complex, because composition of subunits and the
metal centers of the three UQOs were indistinguishable.
Our data suggest that UQO is endowed with the novel
chloride- (and bromide-) specific binding site which is close
to the binuclear center though it is located at the surface of
subunit I molecule. Spectroscopic studies indicate that the
chloride-binding site is required for maintaining a subtle
molecular environment of the binuclear center. To further
understand the molecular mechanism which couples redox
reactions with proton pumping, identifications of the
chloride-binding site and the factor essential for the facili-
tated intramolecular electron transfer are now underway.

We thank R.B. Gennis (University of Illinois) for the E. coli strain
GO0103, M. Ohno (Eisai Co., Ltd., Tsukuba) for Q,, and T. Tsuchiya
(Okayama University) for discussion.
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