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Cytochrome bd-type ubiquinol oxidase in the aerobic respiratory chain of Escherichia coli
contains two hemes b (b and bg,;) and one heme d as redox metal centers. To clarify the
structure of the reaction center, we analyzed the fully oxidized enzyme by visible and EPR
spectroscopies using fluoride ion as a monitoring probe. The visible spectral changes upon
fluoride-binding were typical of ferric iron-chlorine species, indicating heme d as a
primary binding site. The negative peak at 645 nm in the difference spectrum indicates that
heme b;,; also provides the low-affinity fluoride-binding site. Fluoride-binding caused a
complete disappearance from the EPR spectra of the low-spin signals ascribable to heme d
and spectral changes in both rhombic and axial high-spin signals. After fluoride-binding,
each component of the rhombic high-spin signal showed superhyperfine splitting arising
from the interaction of the unpaired spin of the heme d iron with the nuclear magnetic
moment of '°F. The axial high-spin species was converted to a new rhombic high-spin
species assignable to heme b, -fluoride. The g =2 component of this new species also gave
*F.-superhyperfine splitting. These results indicate that both heme d and heme b,; can
coordinate with a fluoride ion with different affinities in the fully oxidized state.

Key words: cytochrome bd, EPR, fluoride, superhyperfine splitting, ubiquinol oxidase.

Two structurally unrelated terminal oxidases are present
in the aerobic respiratory chain of Escherichia coli (1, 2).
Cytochrome bo, a heme-copper oxidase, is expressed under
highly aerated growth conditions while an alternative oxi-
dase, cytochrome bd, predominates under microaerobic con-
ditions. The affinity of cytochrome bd for dioxygen is 1-2
orders of magnitude greater than that of cytochrome bo (3).
Thus, cytochrome bd is suitable for respiration under oxy-
gen-limited growth conditions such as the stationary phase
of growth. Cytochrome bd is a two-subunit ubiquinol oxid-
ase that catalyzes the two-electron oxidation of ubiquinol-8
on the periplasmic side of the cytoplasmic membrane and
the four-electron reduction of dioxygen on the cytoplasmic
side, thus generating an electrochemical proton gradient
across the membrane (1, 2). It is believed that the bd type
ubiquinol oxidase contains two hemes b (heme b;ss and heme
byes) and one heme d as the redox metal centers (1, 2).
Heme d is structurally unique in that it is actually an
iron-chlorine derived from an iron-protoporphyrin IX. The
pyrrole ring C of the macrocycle is saturated by introducing
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two hydroxyl groups at the C5 and C6 positions in the trans
configuration (4, 5). These alterations give heme d a green
color and a very distinct visible absorption spectrum. Heme
d is the primary active site where dioxygen binds and is to
be reduced (I, 2). It is likely that the chemistry of the
four-electron reduction of dioxygen to water is essentially
the same as that of the heme-copper oxidase, since four
intermediate forms (reduced, oxygenated, oxoferryl, and
oxidized) in the catalytic cycle, differing in the state of
heme d, have been found (1, 2). But the precise mechanism
of dioxygen activation is not well understood and may be
different. In the air-oxidized state, the enzyme exists as an
approximately 70:30 mixture of two stable oxy-forms, the
ferrous oxygenated (Fe?*-0;) (6, 7) and oxoferryl (Fe**=
0) species (1, 8). Only a portion (~10%) of the heme d
exists in the ferric state in the air-oxidized enzyme (9, 10).
It is thought that heme d and heme bsq; are located fairly
close to each other (11) and may form a binuclear reaction
center, in which the role of Cug in the heme-copper oxidase
may be mimicked by heme bsgs (12-14). Thus, clarification
of the coordination structure around heme d and heme bygs
becomes increasingly important to understand the mecha-
nism of the dioxygen activation by this unique terminal
oxidase.

Among various spectroscopic techniques, EPR spectros-
copy is particularly suitable for the analysis of the coordi-
nation structure of heme iron when various heme ligands
bind (15-18). In the present article, we apply this method,
along with visible absorption spectroscopy, utilizing fluo-
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ride ion as a probe to analyze the active site structure of the
bd-type ubiquinol oxidase from E. coli.

MATERIALS AND METHODS

Preparation of bd-Type Ubiquinol Oxidases—Cyto-
chrome bd was purified from the overproducing strain
GR84N/pNG2 (cyot cydA2/cyd*), a generous gift from
R.B. Gennis, as described previously (14), and stored at
—80°C in 50 mM Na-phosphate buffer (pH 7.4) containing
0.1% sucrose monolaurate 1200 (Mitsubishi-Kagaku
Foods, Tokyo). The concentration of the enzyme was
calculated from the extinction coefficient in the air-oxidized
state at 414 nm (e =223.0 mM~'-cm™!), based on the heme
content as determined by the pyridine ferrohemochromo-
gen method (14).

Cytochrome bd was oxidized as follows. The air-oxidized
dioxygen-bound cytochrome bd in a small tube with a
rubber septum was deoxygenated under flowing pure argon
gas passed through two needles (one for inlet and the other
for outlet). Then, solid sodium dithionite was added anaer-
obically to obviate the protective effect of the bound
dioxygen (or oxoferryl species) against oxidants, and the
solution was incubated on ice for 30 min. Then, solid
ferricyanide (in large excess) was added anaerobically and
the sample was kept on ice for an additional 30 min. The
fully oxidized sample was subjected to gel filtration on an
Ampure SA cartidge column (Amersham) in 50 mM Na-
phosphate buffer (pH 7.4) containing 0.1% sucrose mono-
laurate 1200. The visible absorption spectra were then
analyzed. Solid NaF (Nacalai Tesque, Kyoto) was added
directly to the air-oxidized and fully oxidized enzymes.

Visible and EPR Spectroscopies—Visible absorption
spectra were measured with a Shimadzu UV-2400PC
spectrophotometer (Shimadzu, Kyoto). EPR measure-
ments were carried out at X-band (9.23 GHz) microwave
frequency with a Varian E-12 EPR spectrometer equipped
with an Oxford flow cryostat (ESR-900) as described
previously (19).
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Fig. 1. Visible absorption spectral changes in fully oxidized
cytochrome bd upon the addition of fluoride (A) and the differ-
ence spectrum of the fluoride-bound oxidized state minus the ox-
idized state (B). Inset in panel A shows a double reciprocal plot of the
absorbance change at 708 nm upon the addition of fluoride ions.
Conditions of measurements are as follows: temperature, 20°C; sam-
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RESULTS AND DISCUSSION

Visible Absorption Spectroscopic Study—To clarify
fluoride-binding to cytochrome bd, we conducted oxidation
of the air-oxidized enzyme, which exists as a mixture of
three forms. The visible absorption spectrum of the fully
oxidized enzyme, prepared according to the procedure
described in “MATERIALS AND METHODS,” is characterized
by an unresolved Soret band centered at 413 nm (not
shown) and weaker bands at 535, 595, 645, and 743 nm
(Fig. 1A). The 743 nm band (¢ =2.6 mM™!-cm™') can be
ascribed to the ferric heme d high-spin charge-transfer
band, based on the similarity of the peak location to those
of various iron-chlorine containing hemoproteins and iron-
chlorine model complexes (20-22). The 595 nm band is
also likely due to ferric heme d, since a corresponding band
is always associated with the ~740 nm band (with a spacing
of 120-160 nm) for these iron-chlorine complexes in the
ferric high-spin state (20-22). The 645 nm band (¢ =9.8
mM~!.¢cm™') in the spectrum of the fully oxidized enzyme
i8 not due to the residual ferrous heme d-dioxygen species,
but rather it can be attributed to heme b5y in the ferric
high-spin state. The spectrum of the anaerobically oxidized
enzyme during redox titration retains a band at around 645
nm (23). The nature of the 535 nm band is not clear at this
stage, but is likely due to ferric heme bgss. It should be
noted that the 680 nm band characteristic of oxoferryl
species {1, 8) is eliminated completely by full oxidation.

The stepwise additions of sodium fluoride to the fully
oxidized enzyme caused a gradual change in the visible
spectrum as shown in Fig. 1A. The absorption bands at 743
and 595 nm were replaced by two new bands at 708 (¢ =6.9
mM~!.ecm™') and 575 nm, and the 645 nm band underwent
a decrease in intensity. In contrast, the 535 nm band
showed no appreciable change. For clarification, the differ-
ence spectrum (fluoride-bound oxidized minus oxidized) is
shown in Fig. 1B. The observed spectral changes upon
fluoride-binding (blue shifts of high-spin charge-transfer
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ple concentration, 4.18 4M in 50 mM Na-phosphate buffer (pH 7.4)
containing 0.1% sucrose monolaurate 1200. Fluoride ions were added
to the oxidized enzyme as in sodium fluoride with final concentrations
of 11.2, 27.6, 52.8, 165.2, and 656.1 mM. In the difference spectrum

(panel B), the concentration of fluoride ions in the sample cell was
656.1 mM.
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bands from 743 and 595 nm to 708 and 575 nm, respective-
ly) are typical of those observed for other ferric iron-
chlorine species, suggesting that the fluoride ion binds
primarily at ferric heme d. The K,-value for fluoride
binding to ferric heme d was estimated from the absor-
bance change at 708 nm to be 36 mM at pH 7.4 (Fig. 1A,
inset). The binding affinity, however, shows a considerable
pH dependency; at pH 6.0 the K, value is ~20 mM,
whereas, at pH 8.4, it increases to ~500 mM.

The clear negative peak at 645 nm in the difference
spectrum (Fig. 1B) suggests that ferric heme b also
participates in fluoride-binding. The binding affinity of
ferric heme by for fluoride ion could not be estimated
accurately due to the overlapping spectral changes caused
by fluoride binding to ferric heme d. The K, value seemes
to be several hundred mM. The pH dependence of the
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Fig. 2. Changes in the visible absorption spectra of air-ox-
idized cytochrome bd upon the addition of fluoride (A) and the
difference spectrum of the fluoride-bound air-oxidized state
minus the air-oxidized state (B). Fluoride ions were added to the
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binding affinity is not 8o marked as for ferric heme d, but is
apparently weaker at higher pH.

The addition of fluoride ion to the air-oxidized enzyme at
pH 7.4 caused slight but clear spectral changes in the 700
nm region (Fig. 2A). The difference spectrum (Fig. 2B)
shows a pattern very similar to that obtained for the
oxidized enzyme (Fig. 1B), positive peaks at 707 and 570
nm, and negative peaks at 645 and 598 nm, respectively.
These results indicate that fluoride ion does not bind to the
ferrous-oxygenated or oxoferryl species of heme d. An
apparent K, value for fluoride-binding to the ferric heme d
of the air-oxidized enzyme was estimated similarly to be
100 mM at pH 7.4 (Fig. 24, inset), 3-fold larger than that
of the fully oxidized enzyme.

EPR Spectroscopic Study—The addition of fluoride ion
(250 mM) to the air-oxidized enzyme caused a complete
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oxidized enzyme as in the case of sodium fluoride at final concentra-
tions of 11.2, 27.6, 135.2, and 433 mM. In the difference spectrum
(panel B), the concentration of fluoride ions in the sample cell was 433
mM. Other details are the same as in the legend to Fig. 1.
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Fig. 3. EPR spectra of cytochrome bd in'the air-oxidized state
(A) and in the fully oxidized state (B) before (a) and after (b) the
addition of 250 mM fluoride. Conditions of measurements are as
follows: microwave frequency, 9.22 GHz; incident microwave power,

5 mW; 100-kHz field modulation width, 0.5 mT; temperature, 15 K.
Sample concentration was 0.415 mM in 50 mM Na-phosphate buffer
(pH 7.4) containing 0.1% sucrose monolaurate 1200.
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disappearance of the low-spin EPR signals (g, =2.47
species) and slight changes in both the g=6 axial and
rhombic high-spin signals (Fig. 3A-b). The low-spin EPR
signals have been assigned to ferric heme d (9, 24) and,
therefore, the disappearance of these signals and the slight
intensifying of the high-spin signals each be explained by
the formation of the ferric heme d-fluoride high-spin
species (see next section).

The oxidation of the air-oxidized enzyme caused a
significant increase in the intensity of the ferric heme d
low-spin signals (Fig. 3B-a). However, the intensities of
both the g=6 axial and rhombic high-spin signals did not
increase so much, indicating that the major portion of ferric
heme d adopts a low-spin state at 15 K.

Upon the addition of fluoride ion (250 mM) to the fully
oxidized enzyme, significant spectral changes occurred
(Fig. 3B-b). In the lower magnetic field region, both of the
two components of the g6 rhombic high-spin signal showed
clear doublets with splittings of 3.5 and 3.0 mT, respective-
ly (Fig. 4A-b). In addition, a considerable decrease in the
intensity of the axial high-spin signal (g=6.03) and an
increase in intensity around g ~6.15 suggest the appear-
ance of another type of g6 rhombic signal. The latter
spectral changes can be interpreted as the binding of a
fluoride ion to the ferric axial high-spin heme to form a new
rhombic high-spin species. On the other hand, in the higher
magnetic field region, we observed that the ferric heme d
low-spin signals (g; =2.61 and g, =2.47 species) (9, 24)
disappear completely (Fig. 3B-b). Further, two types of
high-spin g=2 signals are newly formed (Fig. 4B-b),
showing splittings of 11.2 and 1.5 mT, respectively. At 2.5
mM fluoride, only the g=2 high-spin signal with a larger
splitting and the rhombic high-spin signal with clear
doublet structures remained in the EPR spectra (spectra
not shown). At 25 mM fluoride, on the other hand, the EPR
spectra in both the g6 and g2 regions (spectra not shown)
were almost the same as those measured at 250 mM
fluoride.

These observations led us to following conclusions. First,
the g=2 signal with a larger splitting must originate from
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the rhombic high-spin species with clear doublet struc-
tures. Second, this rhombic high-spin species has a higher
binding affinity for fluoride than the other high-spin
species. Third, accordingly, the rhombic high-spin species
with clear doublet structures can be assigned to the ferric
heme d-fluoride.® Fourth, the other rhombic high-spin
species with a smaller splitting for the g=2 component,
which is converted from the axial high-spin species upon
fluoride binding, must arise from the heme bsq5-fluoride.*

The observed doublets for both the heme d and heme b4
high-spin signals provide conclusive evidence for the
hyperfine interaction of the unpaired electron spin of heme
iron with the nuclear magnetic moment of '°F, which has a
spin of one-half (25, 26). Thus, the present results estab-
lish that both heme d and heme b5 can coordinate fluoride
ions simultaneously in the fully oxidized state, but with
different binding affinities. This conclusion is consistent
with our previous observation that NO binds primarily to
ferrous heme d, but ferrous heme b;y; also provides the
low-affinity binding site for NO (19). Although in conflict
with previous assignments of the EPR signals, in which the
rhombic and axial high-spin signals have been assigned to
ferric heme bsgs and ferric heme d, respectively (24, 27),
we are confident of our new assignments.

Structural Implications for the Active Site— Although
ferric heme d represents only a minor part (~10%) of the
total heme d population in the air-oxidized enzyme, we
could detect the binding of fluoride ion to ferric heme d by
both EPR (disappearance of the low-spin EPR signals (Fig.
3A) and appearance of the split g=2 signal (not shown))
and visible absorption [two positive peaks at 707 and 570
nm in the difference spectrum (Fig. 2B)] spectroscopies.

3 The binding interactions of both hemes d and byss with fluoride ion
seem to become stronger at lower temperature, as evidenced by the
EPR spectra at 26 mM NaF. The interaction of heme b,s with
fluoride, however, was still much weaker than that of heme d.
*The EPR signal of the heme bys-fluoride species in the g6 region
overlapped significantly with the heme d rhombic high-spin signal
(Fig. 4A) and, therefore, we could not ascertain whether these was a
doublet structure or not.

B
c {
> b
2 -
&
E
o of
a ~
w a
I
0=2.002
310 320 330 340 350

Magnetic Field (mT)

Fig. 4. High-spin EPR spectra in the gB (A) and in g2 (B) regions of cytochrome bd in the oxidized state before (a) and after (b) the
addition of 250 mM fluoride, and after the further addition of 10 mM of cyanide (c). Temperature, 5 K. Other conditions for samples and

measurements are the same as described in the legend to Fig. 3.
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However, the hyperfine splittings of the g6 rhombic high-
spin signal were obscured by an overlapping g6 rhombic
signal with no hyperfine structure, which is clearly different
from that of the heme bses-fluoride species. This indicates
that frozen samples at low temperature contain a fair
amount of rhombic high-spin heme d species that does not
bind fluoride ion. These altered ferric heme d species might
be due to the partially denatured structure at the active site
or produced upon freezing (i.e., rupture of the ferric heme
d iron-fluoride bond) (11, 28).

On the other hand, a major part of the ferric heme by, in
the air-oxidized enzyme, where heme d is mostly in either
the ferrous-dioxygen or oxoferryl state while heme b5 is
fully in the oxidized state (6-8), shows no reactivity
towards fluoride ion. Thus, the binding of fluoride ion to
ferric heme bsgs seems to require the oxidized state of heme
d. This may be due to either steric hindrance from the heme
d-coordinated dioxygen (or oxoferryl ligand) and/or to
some kind of redox-dependent structural change. Since
heme by;s and heme d are likely to be located in close
proximity to each other, as previously suggested based on
various spectroscopic studies (12, 14), the former possibil-
ity seems very likely. Indeed, we found that the addition of
cyanide to the fluoride-coordinated fully oxidized enzyme
simultaneoulsy caused a complete disappearance of both
types of rhombic high-spin signals (Fig. 4, A-c and B-c).
The addition of azide also caused the simultaneous dis-
appearance of both types of rhombic high-spin signals
(spectra not shown). These results indicate that the two
fluoride binding sites and the cyanide (or azide) binding
sites overlap at least partially.

The unusually large hyperfine splittings (3.5, 3.0, and
11.2 mT) observed for the ferric heme d-fluoride high-spin
EPR signasl are noteworthy. For ferrimyoglobin-fluoride in
frozen solution, it has been reported that the separation of
the g=2 signal is about 4.4 mT (26). For ferrimyoglobin-
fluoride in a single crystal, the two components of g ~6
rhombic signals have splittings of 2.35 and 2.15 mT (25).
For the ferrimyeloperoxidase-fluoride complex, the split-
ting of the g=2 signal is 3.5 mT (29). Ferrisulfmyoglobin,
which containg an iron-chlorine-type prosthetic group, also
shows a splitting of 4.8 mT for the g =2 signal upon fluoride
binding (21). Thus, the large hyperfine splitting of the g=
2 signal cannot be ascribed to the chlorine macrocycle alone,
but is more likely to be due to the protein tertiary structure
around the heme d moiety. Since the chlorine macrocycle
has a saturated pyrrole ring, it is, therefore, more suscep-
tible to the influence of the protein moiety. This may give
the heme d moiety an unusual geometry such as a ruffled or
a nonplanar macrocycle structure (30). This a flexible
nature of the macrocycle may explain why cyanide ion
forms a bridging structure between heme d and heme by
in the oxidized state (14).

It is very interesting to note that both the heme-copper
oxidase and the bd-type ubiquinol oxidase form a “resting
state” at the binuclear metal center when the supply of
electron equivalents and/or dioxygen is shut off. Although
the exact nature of the “resting state” seems very different
for these two types of terminal oxidase, each “resting
state” seems to have a common physiological role, i.e.,
protection of the binuclear metal center from access by
inhibitory exogenous ligands such as cyanide, azide, and
fluoride ions. To maintain the physiological protective

M. Tsubaki et al.

ligands at the primary binding site, the presence of an
auxiliary metal center (i.e., Cus or heme bs;) may be
essential. On the other hand, the protective ligands (diox-
ygen or intermediates in the catalytic cycle) can be easily
removed upon replenishment of the electron.

In conclusion, using visible absorption and EPR spectros-
copies, we have found that both heme d and heme b;ys can
coordinate with a fluoride ion with different affinities in
fully oxidized state. The inaccessibility of the ferric heme
bsgs center for fluoride ions in air-oxidized state suggests
the close proximity of heme by to heme d, or the existence
of a strong redox-dependent interaction between these two
hemes.
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