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ABSTRACT: In this work, FTIR difference spectroscopy is used to search for possible binding partners and
protonable groups involved in the binding of the quinol to cytochromebd from Escherichia coli.In addition,
the electrochemically induced FTIR difference spectra are compared for preparations of the enzyme isolated
from cells grown at different oxygen levels in which the quinone content of the membrane is altered. On
this basis, difference signals can be tentatively attributed to the vibrational modes of the different quinones
types that are associated with the enzyme depending on growth conditions. Furthermore, vibrational modes
due to the redox-dependent reorganization of the protein vary depending on the quinone associated with
the isolated enzyme. Of particular interest are the observations that a mode at 1738 cm-1 is decreased and
a mode at 1595 cm-1 is increased as observed in direct comparison to the data obtained from samples
grown anaerobically. These signals indicate a change in the protonation state of an aspartic or glutamic
acid. Since these changes are observed when the ubiquinone ratio in the preparation increases, the data
provide evidence for the modulation of the binding site by the interacting quinone and the involvement
of an acidic group in the binding site. The tentative assignments of the vibrational modes are supported
by electrochemically induced FTIR difference spectra of cytochromebd in the presence of the specific
quinone binding site inhibitors heptylhydroxyquinoline-N-oxide (HQNO) or 2-methyl-3-undecylquinolone-
4. Whereas HQNO leads to strong shifts in the FTIR redox difference spectrum, 2-methyl-3-
undecylquinolone-4 induces a specific shift of a mode at 1635 cm-1, which likely originates from the
displacement of the CdO group of the bound quinone.

Cytochromebd is a widely distributed bacterial oxidase.
In the respiratory chain ofEscherichia coli, it is expressed
under microaerophilic growth conditions (1-5). It contains
three heme redox centers, one low-spin hemeb558, one high-
spin hemeb595, and one high-spin hemed. Heme b558

functions as the primary input site for quinols. Hemeb595

and hemed have been proposed to form a diheme center
where oxygen is bound and reduced to water (6, 7). In a
process coupled to the prior one, protons are taken up from
the cytoplasm and released into the periplasm, leading to
the generation of a proton motive force (8). A hydrophilic
loop, between transmembrane helices VI and VII in subunit
I (the “Q loop”), has been shown to be necessary for quinol
oxidation, and probably comprises part of a quinol binding
site (9-12). Furthermore, a semiquinone radical was found
to be stabilized by cytochromebd in the presence of excess
decylubiquinone (13, 14). Several specific inhibitors for
quinone binding sites are effective on cytochromebd like,

for example, Aurachin D, which has been reported to act
specifically on cytochromebd and to induce a shift in the
absorption of the low-spin hemeb558 component of the
enzyme (15, 16). Miller et al. (39) previously reported a
quinone-to-protein ratio of∼0.5 for purified cytochromebd.

Depending on growing conditions, different quinone types
are found in the membrane ofE. coli. Whereas, under aerobic
growing conditions, ubiquinone is predominant, demethyl-
menaquinone or menaquinone is observed at reduced oxygen
levels (17, 18). Cytochromebd can apparently use the
different quinone types as substrates, despite the different
structures and midpoint potentials, which vary over a range
of 200 mV in solution (1). If the same site can bind to both
ubiquinol and menaquinol, this site must be able to accom-
modate the structural and steric differences between the one-
and two-ring quinone systems. Also, protein-quinol interac-
tions have been shown to be essential for determining the
midpoint potentials of protein-bound quinones, and this is
doubtless crucial for the proper function of the enzyme.
Modulation of the quinone midpoint potential may be
induced by the orientation of the side chains in the protein
site. For example, a difference in the redox potentials of up
to ∼70 mV between the two quinones bound to the bacterial
reaction center is related to differences in methoxy group
conformations (19). In addition, the varied interactions of
incorporated quinones on protein residues within the binding
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pocket have also been demonstrated by EPR spectroscopy
in recent work on the cytochromebo3 ubiquinol oxidase from
E. coli (20).

Infrared spectroscopy is a sensitive method for studying
the structural protonation changes in the protein that ac-
company the redox reaction of the quinones. The vibrational
modes of the quinones in their different redox and protona-
tion states can serve as reporter groups for steric and
energetic factors such as hydrogen bonding, polar interac-
tions, and distortion of the ring and substituents. This has
been previously demonstrated for the vibrational modes of
the quinones in the bacterial reaction center in light-induced
FTIR1 difference spectra (21, 22). The vibrational modes of
quinones were also identified in the electrochemically
induced FTIR difference spectra in thebc1 complex (23) and
in cytochromebo3 from E. coli (24). Assignments were
supported by isotopically labeled quinones (21, 22, 24).
Recently, photo-redox-induced FTIR difference spectra of
cytochromebd from E. coli were presented for the spectral
range from 1800 to 1550 cm-1. The data, importantly,
suggest the involvement of several protonated acidic groups
in the reorganization of the protein concomitant with the
change in the redox state of the enzyme (25). Observations
from this work are confirmed and extended in the current
work.

In this study, FTIR redox difference spectra are compared
for wild-type cytochromebd from E. coli grown at different
oxygen levels, as well as for the enzyme bound to quinol
binding site inhibitors HQNO and 2-methyl-3-undecylqui-
nolone-4. Vibrational modes are identified that suggest
protein conformational changes as well as protonation
reactions that are concomitant with quinone binding or with
the change in the redox state of the bound quinone.

MATERIALS AND METHODS

Sample Preparation.Cells were obtained from the GO105/
pTK1 strain, grown at the fermentation facility at the
University of Illinois at 37°C and pH 7 in a 200 L fermenter.
Further purification was performed as reported previously
by Zhang et al. (26). Quinone content was determined by
HPLC analysis (data not shown). For studies with the
inhibitors 2-methyl-3-undecylquinolone-4 (38) and HQNO,
each was dissolved in ethanol and 1-3 µL of a saturated
solution of the inhibitor was then added to 400µL of diluted
cytochromebd. Samples were reconcentrated to 5-10 µL
with Microcon centrifugation concentrators to a final con-
centration of approximately 0.4 mM. The inhibitors were
present in a 10-fold excess in the final samples. Ubiquinone-3
and menaquinone-3 (vitamin K1) solutions were obtained by
dispersing the quinone in the presence of dodecyl maltoside.

Electrochemistry.The ultra-thin layer spectroelectrochemi-
cal cell for UV-vis and IR detection and the potentiostat
(Universitäts-Werkstatt, Freiburg, Germany) were gifts from
W. Mäntele (University of Frankfurt, Frankfurt, Germany)
and were used as previously described (27, 28). Sufficient
transmission in the range from 1800 to 1000 cm-1 was
achieved with a path length of 6-8 µm. Experimental

conditions for cytochromebd from E. coli were used as
described previously (26, 29).

FTIR Difference Spectroscopy.FTIR difference spectra as
a function of the applied potential were obtained in the range
of 2500-1000 cm-1 using a Bio-Rad model 575C instru-
ment. In all experiments, the protein solution was first
equilibrated at the initial potential of the electrode, and single-
beam spectra in the IR range were recorded. Then, a potential
step toward the final potential was applied, and the single-
beam spectrum of this state was again recorded after
equilibration. Subsequently, difference spectra, as presented
in this work, were calculated from the two single-beam
spectra with the initial single-beam spectrum taken as the
reference. No smoothing or deconvolution procedures were
applied. The equilibration at the applied potential generally
took less than 5-6 min in the potential range from-0.5 to
0.5 V. Equilibration times were determined by monitoring
UV-vis difference spectra on the same sample (data not
shown), and the full reaction in FTIR spectroscopy was
monitored by double-difference spectra until no changes were
detected. Typically, 320 interferograms at 4 cm-1 resolution
were co-added for each single-beam IR spectrum and Fourier
transformed using triangular apodization. Five to ten differ-
ence spectra were usually averaged. The noise level in the
difference spectra was estimated to be∼30-50 × 10-6

absorbance unit in the spectral range under consideration,
except for the region of the strongly absorbing water bending
and protein amide I modes at ca. 1650 cm-1 where the noise
was slightly higher.

RESULTS AND DISCUSSION

Electrochemically Induced FTIR Difference Spectra of
Cytochrome bd from Aerobically Grown E. coli. Figure 1
presents the oxidized-minus-reduced FTIR difference spec-
trum of cytochromebd from E. coli for a potential step from

1 Abbreviations: FTIR, Fourier transform infrared; SHE, standard
hydrogen electrode; UQ, ubiquinone; MQ, menaquinone; HQNO,
heptylhydroxyquinoline-N-oxide.

FIGURE 1: Oxidized-minus-reduced FTIR difference spectra of
wild-type cytochromebd from aerobically grownE. coli for a
potential step from-0.5 to 0.5 V (vs Ag/AgCl). The inset shows
the enlarged view of the spectra from 1770 to 1710 cm-1 for the
sample equilibrated in H2O (s) and D2O (‚‚‚).
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-0.5 to 0.5 V in the spectral range from 1800 to 1200 cm-1.
The inset shows the enlarged view from 1770 to 1710 cm-1

for the sample equilibrated in1H2O (full line) and 2H2O
buffer (dotted line). In the electrochemically induced FTIR
difference spectra, contributions concomitant with electron
transfer and coupled proton translocation can be expected
from the reorganization of hemesb and d, of secondary
structure elements, and of individual amino acids. In the
amide I range (1690-1620 cm-1), difference signals at 1672,
1660, and 1649 cm-1 indicate absorbance changes of CdO
modes caused by small alterations in the polypeptide
backbone accompanying the redox process, as well as
possible contributions from CdO modes of individual amino
acid side chains (Asn and Gln). In the amide II range (1570-
1520 cm-1), coupled CN stretching and NH bending modes
are expected. In addition, vibrational modes from aromatic
amino acids and heme CdC modes from the porphyrin ring,
for example, at 1572, 1552, and 1522 cm-1, are observable.
Antisymmetric COO- modes from deprotonated heme pro-
pionates and Asp or Glu side chains, caused by protonation
and/or deprotonation of COOH groups, may also contribute
in this spectroscopic range. Above 1680 cm-1, signals from
protonated heme propionates and, above 1710 cm-1, signals
from protonated Asp and Glu are likely. In the spectrum in
Figure 1 and the inset, signals at 1761 and 1751 cm-1 and
a broad band at 1736/1725 cm-1 are observed in this region.
After H-D exchange, characteristic shifts of the bands
originating from protonated aspartates and glutamates of
4-10 cm-1 can be observed in other systems (30, 31). In
the spectrum of cytochromebd shown in the inset of Figure
1, shifts of signals from 1734 to 1724 cm-1 and from 1725
to 1716 cm-1 can be seen. Hence, these signals can be
tentatively assigned to theν(CdO) mode of protonated
aspartic and glutamic acids, coordinated by a relatively strong
hydrogen bonding. Interestingly, the modes at 1761 and 1751
cm-1 do not significantly shift upon H-D exchange. The
efficiency of H-D exchange was found to exceed 70%, as
determined by the decrease in the magnitude of the amide
II mode at 1540 cm-1 in FTIR absorbance spectra (data not
shown). Possibly, the difference signals at 1761 and 1751
cm-1 reflect the reorganization of protonated aspartic or
glutamic acids which are not accessible to solvent. This
possibility is supported by the positions of the modes, 1761
and 1751 cm-1, indicating weak hydrogen bonding of the
COOH group, such as would be found for an acidic residue
buried in a hydrophobic region of the protein. Alternatively,
these bands might originate from the CdO group of the heme
d chlorin ring. Theν(CdO) mode of isolated lactones is in
this spectral range (32), but there is no supporting evidence
from hemed model compounds for this assignment. Re-
cently, Yamazaki et al. (25) presented FTIR difference
spectra of photoreduced cytochromebd from E. coli and
observed similar spectroscopic features.

Signals originating from bound ubiquinone are expected
in the frequency range from 1200 to 1700 cm-1. In the
electrochemically induced FTIR difference spectrum of
ubiquinone in aqueous solution, the splitν(CdO) modes of
the oxidized quinone are at 1664 and 1652 cm-1 and the
ν(CdC) mode is at 1614 cm-1. At 1288 and 1268 cm-1, the
signals from the C-OCH3 vibrations of the 2- and 3-methoxy
groups contribute (21, 24). The ring modes of the fully
reduced and protonated forms of ubiquinol contribute to the

signals at 1494, 1470, 1424, and 1386 cm-1. The binding of
the ubiquinone in the protein changes the vibrational modes
of the quinone due to hydrogen bonding as well as changes
in the orientation and configuration of the molecule bound
to the protein. Theν(CdO) mode can be expected to shift
to the region between 1670 and 1610 cm-1 based on previous
studies with other quinone-binding proteins. In the bacterial
reaction center, for example, theν(CdO) modes of QA (22)
and theν(CdO) mode of the quinone bound to cytochrome
bo3 from E. coli (1652 cm-1) (24) have been assigned to
bands in this region. In the electrochemically induced FTIR
difference spectrum of cytochromebd, signals at 1649 and
1632 cm-1 are observed in the spectral range for the CdO
modes. In addition, a signal at 1616 cm-1can be tentatively
assigned to the CdC mode. Modes involving the methoxy
groups are likely to result in the signals at 1290 and 1263
cm-1. These two bands are very similar to those from
quinone in solution, and they have been found to be largely
insensitive toward the protein environment (21, 23, 24). The
ring modes of the fully reduced and protonated forms of
ubiquinol could be involved in the signals at 1494, 1474/
1464, 1424, and 1385 cm-1 on the basis of measurements
of the spectra of model compounds (cf. Figure 3A, dotted
line).

To support these tentative assignments, the effects of
adding inhibitors directed at the quinone binding sites were
studied in this work.

Effect of Inhibitors.Figure 2A shows the oxidized-minus-
reduced FTIR difference spectra of cytochromebd from E.
coli for a potential step from-0.5 to 0.5 V in the presence
(solid line) and absence (dashed and dotted line) of 2-methyl-
3-undecylquinolone-4. 2-Methyl-3-undecylquinolone-4 is an

FIGURE 2: Oxidized-minus-reduced FTIR difference spectra of
wild-type cytochromebd from aerobically grownE. coli (‚‚‚) in
the presence of 2-methyl-3-undecylquinolone-4 [A (s)] as well as
in the presence of HQNO [B (s)] for a potential step from-0.5
to 0.5 V (vs Ag/AgCl).
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inhibitor that is expected to act as the quinol binding site
(38). It shows similarities to Aurachin D, which is a potent
cytochromebd inhibitor (33, 34), suggested to act at the
quinol binding site and to affect hemeb558 as well as heme
b595 (16). It is noted that the addition of an inhibitor directed
at the quinone binding site will not necessarily result in the
complete displacement of the bound quinone in both the
oxidized or reduced forms. This was recently shown for the
bc1 complex, where quinone was only partially displaced by
potent inhibitors (40).

Clearly, variations occur in the electrochemically induced
FTIR difference spectrum upon addition of 2-methyl-3-
undecylquinolone-4. The decrease in the modes at 1636 and
1610 cm-1 and the increase in the signal at 1648 cm-1 can
be seen. Further variations at approximately 1690 cm-1 as
well as in the broad modes at 1545 cm-1 are observable.
These effects can be attributed to the displacement or the
partial displacement of the bound quinone by the binding of

2-methyl-3-undecylquinolone-4 and to concomitant changes
in the protein such as the previously observed effect resulting
from the binding of 2-methyl-3-undecylquinolone-4 on the
visible spectrum of hemeb558 (16). As mentioned above,
theν(CdO) modes of ubiquinones in solution are observed
as a broad and split mode at 1652 cm-1. The shift of these
modes upon binding to the protein depends on the environ-
ment of the binding site. The signal which is observed to be
shifted from 1636 to 1648 cm-1 can be tentatively attributed
to aν(CdO) mode of the bound quinone which is displaced
by 2-methyl-3-undecylquinolone-4. It is concluded that the
displacement or partial displacement of the quinone by
2-methyl-3-undecylquinolone-4 changes the hydrogen bond-
ing environment of one or both CdO groups. It may seem
unusual that the inhibitor could be affecting only one of the
CdO groups; however, on the other hand, this would be a
likely explanation for partial quinone displacement as
described before for thebc1 complex, as mentioned above
(40).

The variations from 1610 to 1620 cm-1 occur in the
spectral region characteristic for theν(CdC) modes, and may
reflect variations in the quinone ring as a result of its
displacement by the inhibitor. Alternatively, the perturbation
of the second CdO group may be observable in this region
of the spectrum. If this is the case, the second CdO group
of the bound quinone must be very strongly hydrogen bonded
to the protein, meaning that the quinone would have an
asymmetric orientation, as previously found for QB in the
bacterial reaction center (22). Finally, the decrease in the
mode at 1680 cm-1 together with the change at ap-
proximately 1545 cm-1 could indicate the influence of the
binding of 2-methyl-3-undecylquinolone-4 on the heme
propionates of hemeb558. Changes in secondary structure
elements could also contribute in this spectral range, and
isotope studies will be essential for definite assignments.

HQNO is another quinone analogue which is also a potent
inhibitor of cytochromebd from E. coli. Figure 2B shows
the oxidized-minus-reduced FTIR difference spectra of
cytochromebd for a potential step from-0.5 to 0.5 V in
the presence (solid line) and absence (dashed and dotted line)
of HQNO. Consistent with the assignment based on the shift
observed in the presence of 2-methyl-3-undecylquinolone-
4, the mode at 1636 cm-1 can be attributed to theν(CdO)
mode of the displaced quinone. Variations in the spectral
range above 1690 cm-1 indicate the perturbation of theν-
(CdO) mode of protonated acidic residues, suggesting the
involvement of COOH groups in quinone and/or HQNO
binding. Unfortunately, the addition of HQNO induced some
instability in the system, including the appearance of
additional signals and baseline drift. Apparently, HQNO
undergoes a redox reaction at the electrode, and the reaction
products show redox-dependent contributions in FTIR. This
was confirmed by the addition of excess HQNO and the
concomitant increase in the modes at 1389 and 1489 cm-1

(data not shown). Hence, apart from the shift of the band
from 1636 to 1649 cm-1, additional reliable information was
not obtained from the use of HQNO.

Electrochemically Induced FTIR Difference Spectra of
Cytochrome bd from Anaerobically Grown E. coli. (1)
Spectra of Menquinone and Ubiquinone in Aqueous Solution.
Figure 3A shows the oxidized-minus-reduced FTIR differ-
ence spectra of ubiquinone (dashed and dotted line) and

FIGURE 3: Oxidized-minus-reduced FTIR difference spectra of
ubiquinone (‚‚‚) and menaquinone (s) in aqueous solution (A) and
of wild-type cytochromebd from aerobically (-‚-) and anaero-
bically (s) grown E. coli (B) and a double-difference spectrum
calculated by subtraction of both spectra (s) and by subtraction of
the spectra from ubiquinone and menaquinone (C).

FTIR of Cyt bd Quinones Biochemistry, Vol. 41, No. 14, 20024615



menaquinone (solid line) in solution. The FTIR bands from
ubiquinone have been described above. In the FTIR redox
difference spectrum of menaquinone, the splitν(CdO) mode
is at 1670 cm-1 with a shoulder at 1658 cm-1. Theν(CdC)
mode of the quinoid ring is at 1624 cm-1, and that of the
aromatic ring is at 1596 cm-1. The mode at 1304 cm-1 has
been previously attributed to a coupled C-C/CdC vibration
(21).

(2) Spectra of Menaquinone and Ubiquinones in the
Protein EnVironment.Panels A and B of Figure 3 show the
oxidized-minus-reduced FTIR difference spectra of wild-type
cytochromebd from aerobically (dashed and dotted line) and
anaerobically (solid line) grownE. coli. Also shown are
double-difference spectra calculated by subtraction of the
spectra shown in panels A and B of Figure 3 (solid line)
and by subtraction of the spectra from ubiquinone and
menaquinone in solution (dotted lines) (Figure 3C). The
influence of the growth conditions on the quinone content
and, thus, on the spectra of the purified protein is very
substantial over the whole spectral range from 1800 to 1200
cm-1. When the growth conditions are switched from aerobic
to anaerobic, the spectra show the decrease in band intensity
attributed to bound ubiquinone and the increase in the
menaquinone bands. For example, the mode at 1264 cm-1,
attributed to the C-O vibration of the methoxy side chain
(see above), is decreased and a small signal at 1294 cm-1

appears in the enzyme from anaerobically grown cells (cf.
Figure 3B). This mode is at a position close to the C-C/
CdC mode observed for vitamin K1 at 1304 cm-1 (Figure
3A) and is tentatively assigned to menaquinone bound to
cytochrome bd. The shift of 10 cm-1 is attributed to
interactions between the protein site and the menaquinone
ring. The fact that the band at 1264 cm-1 is not completely
abolished is due to residual ubiquinone bound to the enzyme,
consistent with HPLC analysis (not shown). At 1611 cm-1,
a band attributed to theν(CdC) mode of ubiquinone
increases in parallel with the ubiquinone content of the
enzyme (Figure 3B,C). Theν(CdC)aromaticmode of menaquino-
ne is most likely responsible for part of the band at 1595
cm-1 observed with the anaerobically grown enzyme. There
are also changes observed in the spectral range of theν(Cd
O) quinone modes, at 1666 and 1659 cm-1, but clear
assignments are not possible without isotope labeling experi-
ments. Notably, the signal at 1635 cm-1 assigned to one of
the carbonyl groups of bound ubiquinone (see above) does
not change upon replacement of ubiquinone by menaquinone,
indicating similar environments for one of the CdO groups
in both cases. Changes between 1560 and 1530 cm-1 may
include modes that reflect changes in heme vibrations as well
as secondary structure elements.

The most interesting spectroscopic difference between the
cytochromebd from anaerobic and anaerobic growth condi-
tions is observed at 1738 cm-1, in the spectral range where
the contribution of protonated aspartic and glutamic acids
can be expected. Clearly, the difference signal is increased
in the spectrum of the enzyme from anaerobically grownE.
coli. Deprotonated acidic residues contribute at∼1590 cm-1,
and indeed, there is a distinct decrease in a mode at 1595
cm-1 compared to what is observed in the difference
spectrum of cytochromebd isolated from the aerobic cells.
The data are consistent with a change in the protonation state
of a glutamic or aspartic acid group depending on whether

ubiquinone (deprotonated) or menaquinone (protonated) is
bound to cytochromebd.

CONCLUSIONS

Cytochromebd from E. coli can utilize either ubiquinol
or menaquinol as a substrate. The current work provides
direct, spectroscopic evidence for the first time that the
protein can bind to either substrate. It is also shown that the
binding of the inhibitor 2-methyl-3-undecylquinolone-4 or
HQNO results in the apparent displacement of bound
ubiquinone, as evidenced from the perturbation of the FTIR
spectrum of the protein-bound quinone.

The data also provide evidence for the differences in the
interactions of cytochromebd from E. coli with ubiquinone
and ubiquinol, and menaquinone and menaquinol. Further-
more, the data explicitly point to a role of acidic residues in
the binding interactions of the respective quinones. Changes
in the FTIR difference spectra show perturbations from
protonated carboxyl groups upon oxidation-reduction changes
of the enzyme, extending previously published work (25).
Although speculative, the data suggest the possible influence
of a heme center in the protein response to quinone redox
changes, as reflected by changes at 1595 cm-1 as well as at
1561-1545 cm-1. This is in line with a previous work by
Jünemman et al. (16) indicating that the quinone/inhibitor
binding site(s) is close to the hemesb.

It is noted that aspartic and glutamic acids are common
hydrogen bonding partners for the protein-bound quinones,
including stabilization of the radical semiquinone. Acidic
residues have also been implicated in proton uptake or release
accompanying quinone reduction or oxidation, respectively
(for example, in refs35-37). Indeed, the spectroscopic
changes observed in the current work indicate that an aspartic
or glutamic acid residue is protonated in the oxidized state
of the enzyme in the anaerobically grown samples, i.e., when
the enzyme is bound to menaquinone. When ubiquinone is
bound to the oxidized form of the enzyme, an aspartate or
glutamate residue appears to be deprotonated. Most likely,
one amino acid residue is responsible for these experimental
observations, thus indicating that the protonation change of
an acidic residue is part of the adaptation of the quinone
binding site that allows the binding and effective electron
transfer from the different quinone types. The significance
of this observation will require further work. Site-directed
mutagenesis might be useful in this regard. Sequence
alignments have shown two highly conserved glutamic acid
residues (E99 and E107) in transmembrane helix III of
subunit I and another (E257) within the hydrophilic Q loop
(12). Possibly, one of these residues is directly involved in
quinone or quinol binding.
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SUPPORTING INFORMATION AVAILABLE

HPLC detection and quantification of quinone bound to
membrane and cytochromebd purified from anaerobically
and aerobically grownE. coli. One ubiquinone and one
menaquinone, in a 1:1 ratio, have been determined per
purified cytochromebdgrown anaerobically, and 0.5 ubiquino-
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ne per purified cytochromebd grown aerobically. We note
that this value depends on the efficiency of the quinone
extraction, and the amount of quinone bound to the purified
protein itself is highly dependent on the preparation. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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