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ABSTRACT: Aspartate-75 (D75) was recently suggested to participate in a ubiquinone-binding site in subunit
I of cytochromebo3 from Escherichia colion the basis of a structural model [Abramson, J., Riistama, S.,
Larsson, G., Jasaitis, A., Svensson-Ek, M., Laakkonen, L., Puustinen, A., Iwata, S., and Wikstro¨m, M.
(2000)Nat. Struct. Biol. 7(10), 910-917]. We studied the protonation state of D75 for the reduced and
oxidized forms of the enzyme, using a combined site-directed mutagenesis, electrochemical, and FTIR
spectroscopic approach. The D75H mutant is catalytically inactive, whereas the more conservative D75E
substitution has quinol oxidase activity equal to that of the wild-type enzyme. Electrochemically induced
FTIR difference spectra of the inactive D75H mutant enzyme show a clear decrease in the spectroscopic
region characteristic of protonated aspartates and glutamates. Strong variations in the amide I region of
the FTIR difference spectrum, however, reflect a more general perturbation due to this mutation of both
the protein and the bound quinone. Electrochemically induced FTIR difference spectra on the highly
conservative D75E mutant enzyme show a shift from 1734 to 1750 cm-1 in direct comparison to wild
type. After H/D exchange, the mode at 1750 cm-1 shifts to 1735 cm-1. These modes, concomitant with
the reduced state of the enzyme, can be assigned to theν(CdO) vibrational mode of protonated D75 and
E75, respectively. In the spectroscopic region where signals for deprotonated acidic groups are expected,
band shifts for theν(COO-)s/as modes from 1563 to 1554-1539 cm-1 and from 1315 to 1336 cm-1,
respectively, are found for the oxidized enzyme. These signals indicate that D75 (or E75 in the mutant)
is deprotonated in the oxidized form of cytochromebo3 and is protonated upon full reduction of the
enzyme. It is suggested that upon reduction of the bound ubiquinone at the high affinity site, D75 takes
up a proton, possibly sharing it with ubiquinol.

Cytochromebo3 is a terminal oxidase in the aerobic
respiratory chain ofEscherichia coli. It catalyzes the two-
electron oxidation of ubiquinol-8 and the four-electron
reduction of dioxygen, and these reactions are coupled to
the translocation of protons across the cytoplasmic membrane
by a pumping mechanism (1-3). Most respiratory oxidases
belong to the heme-copper oxidase superfamily, which
includes the cytochromec oxidases and the quinol oxidases.
Despite differences in electron donating substrates (cyto-
chrome c, ubiquinol), constituent heme species, and the
presence or absence of a CuA center, the cytochromec
oxidases and the quinol oxidases appear to have the same
mechanisms for reducing oxygen and for proton pumping.

The presence of two ubiquinol-8 binding sites with distinct
functional roles has been proposed for cytochromebo3 from
E. coli (3). In one possible mechanism, ubiquinone bound
at a high affinity site, acting as a cofactor, mediates electron
transfer from the ubiquinol substrate, which binds to a low
affinity binding site, to the low-spin hemeb (3-6). Reduced

hemeb then provides electrons to the heme-copper binuclear,
formed by hemeo3 and CuB, where oxygen binds and is
reduced to water.

The locations of the two proposed quinone binding sites
within cytochromebo3 are not clear, and, indeed, direct
unambiguous evidence that there are two different sites is
lacking. There are considerable experimental indications from
site-directed mutagenesis, photoaffinity labeling, and inhibi-
tor-resistant mutants, that suggest that the low affinity site
that binds to the substrate ubiquinol is located at least in
part within subunit II of the enzyme (6-8). Recently, a
chimeric construct was investigated, in which subunit II from
a cytochromec oxidase was exchanged with subunit II of
cytochromebo3 oxidase fromE. coli (9). This construct still
exhibits ubiquinol oxidase activity, and this fact would appear
to exclude many regions of subunit II from being involved
in ubiquinol binding.

In addition to the deduced low affinity quinol binding site,
cytochrome bo3 from E. coli contains a tightly bound
quinone, thought to be located at a different location within
the enzyme. This tightly bound quinone can be isolated with
the purified enzyme and, significantly, forms a stabilized
ubisemiquinone radical that has been implicated as an
intermediate during enzyme turnover (10-13). The semi-
quinone radical has been examined in detail by EPR and
ENDOR spectroscopies, which indicate hydrogen bonding
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to amino acid residues (11, 14, 15). Recently, the crystal
structure of cytochromebo3 from E. coli was solved at about
3.5-Å resolution. In the model of the enzyme, although
quinone cannot be resolved, amino acids presenting a feature
able to bind ubiquinone were recognized (16), and a quinone
binding site within subunit I was postulated based on the
X-ray data. In the model, Q101 and H98 were proposed to
interact with ubiquinone C4dO, whereas D75 and R71 were
proposed as hydrogen bond partners to C1dO of the bound
ubiquinone. This binding site is located in subunit I close to
hemeb and is shown in Figure 1. Site-directed mutants
provide support for this model, insofar as several mutants
result in strongly reduced quinol oxidase activity and
increasedKm values for quinol oxidation (16). The purpose
of the current work is to examine more closely mutational
substitutions of D75 and to apply Fourier transform infrared
(FTIR)1 difference spectroscopy to probe possible changes
in the state of ionization of this residue as well as perturba-
tions to the bound quinone.

FTIR spectroscopy is a sensitive method to study the
contributions of protonated aspartates and glutamates as
exemplified by studies on the bacterial reaction center (17),
rhodopsin (18), or cytochromec oxidase (19, 20). Previous
recent studies examined the bound ubiquinone in cytochrome
bo3 from E. coli by FTIR spectroscopy and13C labeling (21)
and identified vibrational modes of the bound ubiquinone.
In the present work, electrochemical, FTIR spectroscopic,
and site-directed mutagenesis methods are combined to test
the proposal that D75 is at or near a quinone binding site.
Creating a conservative mutation D75E and a strongly
perturbing variation, D75H, the contributions of D75 and
the protonation state of this residue in both the reduced and
the oxidized forms of the enzyme were identified.

MATERIALS AND METHODS

Sample Preparation.For site-directed mutagenesis, an
XmaI-HindIII fragment of the pJRHisA plasmid was cloned
into pUC19 vector, and mutagenesis was performed accord-
ing to the “Quick change” protocol of Stratagene. Mutant
DNA was cloned back into pJRhisA (22) and transformed
into GL101 (23). The mutations were confirmed by DNA
sequencing (University of Illinois Biotechnology Center).
The expression level of the D75E mutant enzyme was

comparable to that of wild-type oxidase and of the D75H
mutant was about 30%.

Cytochromebo3 enzyme fromE. coli containing one
equivalent of bound UQ8 was purified inn-dodecyl-â-D-
maltoside (DM) according to the method described by ref
22. The oxidase activity assay of the purified protein was
performed as previously described in ref7 in Tris buffer,
pH 7.4, and 0.1% DM and at 37°C. For electrochemical
experiments, the protein samples containing 100 mM phos-
phate buffer (pH 7), 100 mM KCl, and 0.1% DM were
concentrated to approximately 0.4 mM using Microcon
ultrafiltration cells (Millipore). H2O was exchanged against
D2O by repeated concentration and dilution of the sample
in the D2O buffer. H/D exchange of amide I protons was
found to be better than 70% as judged from the shift of the
amide II mode at 1550 cm-1 in the FTIR absorbance spectra
(data not shown).

Electrochemistry.The ultrathin layer spectroelectrochemi-
cal cell for the UV/VIS and IR detection and the potentiostat
(Universitäts-Werkstatt, Freiburg) was a generous gift from
Professor W. Ma¨ntele (University of Frankfurt) and was used
as previously described (24). Sufficient transmission in the
range from 1800 to 1000 cm-1 was achieved with the path
length of 6-8 µm. The gold grid working electrode was
chemically modified by using a 2 mMcysteamine solution
as described elsewhere (20). To accelerate the redox reaction,
16 different mediators were added including those listed by
ref 20 except for n-methylphenazoniummethosulfate and
n-ethylphenazoniumsulfate. The final concentration of each
mediator was adjusted to 45µM. At this concentration and
at an optical path length below 10µm, control experiments
with protein-free samples revealed no contributions from the
mediators in the VIS and IR spectral range, except for the
P-O stretching modes of the phosphate buffer between 1200
and 1000 cm-1. Potentials quoted with the data refer to the
Ag/AgCl/3M KCl reference electrode (i.e.,+208 mV for
SHE′ at pH 7).

FTIR Difference Spectroscopy.FTIR difference spectra as
a function of the applied potential were obtained in the
2500-1000 cm-1 range using a Biorad-575C instrument. 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
4-5 min in the potential range from-0.5 to 0.5 V for the
protein concentration, type, and concentration of the media-
tors, and electrode modification described above. Equilibra-
tion times have been determined with UV/Vis difference
spectra on the same sample (data not shown), and the full
reaction in the FTIR 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. A total of 5 to 10 difference spectra
were usually averaged. The noise level in the difference
spectra was estimated to be around 30-50 × 10-6 absor-

1 Abbreviations: FTIR: Fourier transform infrared; SHE′, standard
hydrogen electrode; UQ, ubiquinone; DM,n-dodecyl-â-D-maltoside.

FIGURE 1: Position of D75 in relation to the modeled quinone in
the structure of cytochromebo3 from E. coli as proposed by ref
16.
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bance units 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

Oxidase ActiVity and UV/Vis Spectra of the Mutants.
Quinol oxidase activity measured polarographically at an
oxygen electrode yielded wild-type activity for the D75E
mutant cytochromebo3 and a complete loss of activity for
the D75H mutant enzyme. Wild-type and the D75E mutant
enzyme have the sameKm value for ubiquinol-1 oxidation.
UV/Vis spectra of purified protein indicate no perturbation
due to the D75E mutation and a small shift of the Soret band
from 409 to 406 nm, for the oxidized form of the D75H
mutant.

Electrochemically Induced FTIR Difference Spectra of
D75E. Figure 2 shows the oxidized-minus-reduced FTIR
difference spectrum of the wild-type and D75E mutant
enzymes for a potential step from-0.5 to 0.5 V. Figure 2,
panel C, shows a double difference spectrum obtained by
subtracting the electrochemically induced FTIR difference
spectra of wild type from that of D75E. In the electrochemi-
cally induced FTIR difference spectra of the D75E mutant
enzyme and the corresponding double difference spectrum,
a shift of a negative mode from 1734 to 1750 cm-1 can be
seen (Figure 2). In the amide I range, there is an increase of
the modes at 1662, 1657, and at 1635 cm-1, and in the amide
II range, there is a shift from 1563 cm-1 to a double peak at
1554/1539 cm-1. There is also a shift of a band from 1315
to 1336 cm-1 observed in the double difference spectrum in
Figure 2, panel C.

In the electrochemically induced FTIR difference spectra,
contributions concomitant with electron transfer to/from the
cofactors (hemesb and o3, CuB and UQ) can be expected
from the reorganization of hemesb ando3, the tightly bound
ubiquinone, secondary structure elements, and from indi-
vidual amino acids. Furthermore, redox coupled proton
translocations, either from net proton uptake/release or
internal shifts within the protein, will contribute to the FTIR-
detected changes.

As discussed below, there is a solid experimental basis to
make assignments of specific FTIR bands and interpret these

in terms of redox-induced changes in D75. Previous studies
include those on isolated amino acids in solution, as well as
FTIR difference spectroscopy with cytochromebo3 and other
proteins by several groups, including assignments made by
site-directed mutagenesis and by isotope labeling (see below).

Contributions in the Amide I Range (1690-1620 cm-1).
In the amide I range, difference signals at 1670, 1657, 1648,
and 1630 cm-1 indicate absorbance changes of CdO modes
caused by small, redox-induced alterations in the polypeptide
backbone, as well as possible contributions from CdO modes
of individual amino acid side chains (Asn and Gln). Besides,
contributions of theν(CdO) andν(CdC) vibrational mode
of the tightly bound quinone are present at 1657 and 1612
cm-1, respectively. The assignments of the ubiquinone
vibrational modes in cytochromebo3 from E. coli have
recently been obtained on the basis of13C labeled isoto-
pomers (21). Several shifts in the amide I region occur in
the electrochemically induced FTIR difference spectra of the
D75E mutant enzyme. The increase of the mode at 1668
cm-1, may represent an upshift of theν(CdO) mode of the
bound quinone resulting from weaker hydrogen bonding,
which is also evident with the upshift of the E75ν(CdO)
mode from 1738 to 1750 cm-1 (see below). Additionally,
variations of the neighboring R71, which has also been
proposed to be engaged in ubiquinone binding (16), can be
tentatively assigned to modes at 1662 and 1635 cm-1.
Contributions of isolated arginines in solution have been
observed: theν(CN3H5

+)as vibrational mode at 1672 cm-1

andν(CN3H5
+)s vibrational mode at 1633-1636 cm-1 (25).

Arginine modes have also been observed between 1688 and
1695 cm-1 in halorhodopsin (26). The assignment of the
1662 and 1635 cm-1 bands to arginine (R71, specifically),
however, is just speculative and must be confirmed by further
mutagenesis and isotope labeling experiments. Variations at
the polypeptide backbone cannot be excluded to be involved
in the shifts discussed here, but this does not appear likely,
based on the highly conservative character of the D75E
variant.

Contributions in the Amide II Range (1570-1520 cm-1).
In the amide II range, coupled CN stretching and NH bending
modes are expected. Vibrational modes from aromatic amino
acids and CdC modes from the heme porphyrin ring are
conceivable. Antisymmetric COO- modes from deprotonated
heme propionates and Asp or Glu side chains, caused by
protonation/deprotonation of COOH groups, may also con-
tribute here (25, 27, 28). On this basis, the shift at 1563 to
1554/1534 cm-1 due to the D75E mutation is tentatively
attributed to theν(COO-)as vibrational mode, reflecting the
deprotonated forms of D75 and E75, respectively. Probably,
additional variations are involved in the double peak observed
at 1554-1534 cm-1, such as a perturbation of the hemes.
The correspondingν(COO-)s vibrational mode of deproto-
nated aspartic and glutamic acids is expected between 1450
and 1300 cm-1 and can be seen at 1315 and 1336 cm-1.
Whereas theν(CdO) mode of the fully protonated form, as
well as the ν(COO-)s vibrational mode, shift to higher
wavenumbers upon mutation from D75 to E75, a downshift
of the ν(COO-)as vibrational mode is observed. This is in
line with weaker hydrogen bonding for both the protonated
and the deprotonated states of E75 in comparison to D75.

Contributions in the Spectral Range from 1500 to 1000
cm-1. In addition to the CdO and the CdC modes of the

FIGURE 2: Oxidized-minus-reduced FTIR difference spectrum of
wild-type (A) D75E mutant enzyme (B) and double difference
spectra obtained by subtracting the electrochemically induced FTIR
difference spectra of wild-type from D75E (C) in the spectral range
from 1800 to 1200 cm-1 and a potential step from-0.5 to 0.5 V.
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fully oxidized ubiquinone, mentioned above, modes involv-
ing coordinates of the methoxy group are involved in the
signals at 1290, 1264, and 1204 cm-1 (21). The ring modes
of the fully reduced and protonated form of ubiquinol
contribute to the signals at 1486, 1470, 1430, and 1386 cm-1.
No significant change in this portion of the difference
spectrum is seen upon mutation of D75 to either D75E or
D75H. Interestingly, the bound quinone is still present in
the D75H mutant, although this enzyme is catalytically
inactive. Below 1200 cm-1, the strong differential modes of
the ν(PdO) phosphate buffer are present (data not shown),
reflecting the proton uptake/release of the buffer upon
electron transfer to/from the protein and the mediators (20,
29).

Contributions of Protonated Aspartatic and Glutamic
Acids (1760-1710 cm-1). Figure 3 shows the enlarged view
of the oxidized-minus-reduced FTIR difference spectra of
wild type (dotted line) and D75E (solid line) mutant enzyme
from 1765 to 1690 cm-1 for a potential step from-0.5 to
0.5 V.

In the spectroscopic range above 1710 cm-1, theν(CdO)
vibrational modes from protonated Asp and Glu are expected,
based on the reported IR spectra of isolated aspartic and
glutamic acid in solution (25), as well as from difference
FTIR spectroscopy on proteins and corresponding assign-
ments by site-directed mutants (see for example refs17 and
18). On this basis, the shift of a mode from 1738 to 1750
cm-1 can be assigned to theν(CdO) mode of D75,
protonated in the reduced form. The corresponding IR signal
concomitant with the introduced E75 contributes at a higher
wavenumber, apparently reflecting a small variation in the
environment of the carbonyl group, such as weaker hydrogen
bonding resulting from a change in location of the COOH
due to the longer side chain. The spectra of protonated
aspartic and glutamic acids in solution differ by only 4 cm-1

(25), but the protein environment is the more dominating
factor here, leading to a shift of 12 cm-1. Alternatively,
differential infrared signals comparing D75 and the D75E
mutant could arise if E75 were fully protonated in both
oxidized and reduced forms and experiencing an environ-
mental change. However, since the D75E mutant remains
fully active, it seems unlikely that it would behave so
differently from the wild type D75, which clearly is
deprotonated in the oxidized state.

In previous work with cytochromebo3 from E. coli, the
redox difference signals at 1744/1722 cm-1 were assigned
to the COOH mode of E286 (30-32). The spectra induced
by photoreduction (31, 32) lead to spectra comparable to
those induced electrochemically, shown here. Yamazaki et
al. (32) show that for the E286D mutant, there is a shift of
the 1744/1722 cm-1 modes. Lu¨bben et al. (32), however,
describes a simple intensity decrease of modes at 1745/1735
cm-1 and not a frequency shift, upon mutation of E286 to
D. The reasons for the discrepancy of about 13 cm-1 between
the wild type spectra and for the different reported effects
of the E286D mutation are unclear. Differences in sample
preparation are possible, yielding enzymes with different
contents of bound quinone. It is noted that in a study
examining the electrochemically induced FTIR difference
spectrum of the cytochromec oxidase fromParacoccus
denitrificans, the analogous signals at 1746/1734 cm-1 were
attributed to a shift of the COOH modes of Glu278, the
amino acid corresponding to E286 in the numbering ofP.
denitrificans(20).

Figure 4 shows the enlarged view of the oxidized-minus-
reduced FTIR difference spectra from 1765 to 1690 cm-1

of the D75E mutant enzyme equilibrated in H2O (dotted line)
and D2O buffer (solid line) for a potential step from-0.5 to
0.5 V. A shift from 1750 to 1735 cm-1 and from 1740 to
1726 cm-1 is observed upon H/D exchange. The broad
negative signal at approximately 1720 cm-1 is overlapped
by the mode at 1676 cm-1. For protonated side chains of
Asp and Glu residues in model compounds, a shift of about
10 cm-1 is observed upon H/D exchange (25) and has been
observed to be 4-12 cm-1 for proteins (17-19). The shifts
observed here thus strengthen the assignment of the D75/
E75 ν(CdO) COOH modes.

Electrochemically Induced FTIR Difference Spectra of
D75H. Figure 5 shows the oxidized-minus-reduced FTIR
difference spectrum of (A) the wild-type cytochrome bo3,
and (B) the D75H mutant enzyme, for a potential step from
-0.5 to 0.5 V. Figure 5, panel C, shows a double difference
spectrum obtained by subtracting the electrochemically
induced FTIR difference spectra of the wild type from that
of D75H. Because of instability of the mutant enzyme during
the redox potentiometry, only a few redox cycles were
performed, leading to a reduced signal-to-noise ratio. In the
electrochemically induced FTIR difference spectrum of the

FIGURE 3: Enlarged view of the oxidized-minus-reduced FTIR
difference spectrum of wild type (dotted line) and D75E (full line)
in the spectral range from 1765-1690 cm-1 and a potential step
from -0.5 to 0.5 V.

FIGURE 4: Oxidized-minus-reduced FTIR difference spectrum of
D75E mutant enzyme equilibrated in H2O (dotted line) and D2O
(full line) in the spectral range from 1765 to 1690 cm-1 and a
potential step from-0.5 to 0.5 V.
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D75H mutant enzyme and in the corresponding double
difference spectrum (wild type-minus-D75H) strong pertur-
bations can be seen. Modes between 1760 and 1710 cm-1

are strongly decreased in intensity. In the amide I range, a
shift of the mode at 1657 to 1652 cm-1 is observed (Figures
5, panels B and C). The mode at 1630 cm-1 is strongly
decreased in intensity, and signals at 1686 and 1668 cm-1

are perturbed. In the amide II region, there is a decreased
intensity of broad bands at 1564 and 1544 cm-1.

The band that shifts from 1657 to 1652 cm-1 is tentatively
attributed to theν(CdO) vibrational mode of ubiquinone.
Ubiquinone is still present in the D75H protein preparation,
as indicated by the most prominent mode at 1264 cm-1.
Possibly in the D75H mutant, the quinone is bound differ-
ently or is weakly bound to the high affinity site, leading to
the observed shift of theν(CdO) mode from 1657 to 1652
cm-1. A perturbation of the polypeptide backbone could also
cause this shift and is likely the cause of the variations at
1686 and 1630 cm-1. In general, the electrochemically
induced FTIR difference spectra reflect a general perturbation
of the protein due to the D75H mutation, making detailed
analysis unwarranted since any effects may be not specifi-
cally associated with the immediate location of the mutation
within the protein. The nearly complete loss of the modes
in the spectroscopic range of protonated Asp and Glu residues
from 1760 to 1710 cm-1, which includes the contribution of
Glu 286, clearly reflects a major structural perturbation due
to the D75H mutation. Note that the UV/Vis spectra show
only a small shift of the Soret band of the oxidized form
from 409 to 406 nm and is a much less sensitive indicator
of protein perturbation than the FTIR difference spectra.

DISCUSSION AND CONCLUSIONS

Previous spectroscopic studies of the tightly bound quinone
by EPR (11, 33), FTIR (21), and ENDOR spectroscopy (14,
15) as well as detailed inhibitor binding studies (34-36)
provide important information about the structure and
orientation of the bound quinone and quinone-analogue
inhibitors. EPR spectroscopy studies have shown that the
tightly bound quinone can be stabilized as a semiquinone
anion radical in the protein (10, 11). On the basis of a

combined FTIR spectroscopy and13C labeling approach, it
was demonstrated that the fully oxidized, bound quinone,
as well as the reduced and protonated quinol, is hydrogen
bonded to the protein matrix and that the hydrogen bonding
is both weak and symmetrically oriented (21). FTIR as well
as several inhibitor studies suggest that the 2-methoxy group
of ubiquinone is sterically hindered, whereas the 3-methoxy
group is free from steric constraints (21, 34). Recent ENDOR
work shows strong interaction with the C1-O (14). Hastings
et al. (2000) suggest a symmetrical binding for both C1-O
and C4-O groups of the semiquinone anion radical. A
structural model, based on X-ray crystallography, suggests
that the amino acid D75 is one of the hydrogen bonding
partners at the quinol binding site (16).

In the current work, electrochemically induced FTIR
difference spectra of the D75E mutant cytochromebo3 from
E. coli show that D75 is protonated upon reduction of the
protein and quinone. The D75N mutant enzyme was reported
only to have 1% turnover (16), and the D75H mutant
presented in the current work is totally inactive. The work
presented here is, thus, consistent with the presence of D75
at the quinone binding site and suggests an important
functional role for this residue. It is noteworthy that D75E
is fully functional, though the hydrogen bond, as revealed
by electrochemically induced FTIR difference spectra, is
considerably weaker than that of wild type D75. Although
the precise function of the quinone at the high affinity site
is not yet fully clarified, it appears that D75 plays an
important role in proton movements within the protein during
catalytic turnover. An interaction with the semiquinone anion
is conceivable and appears very likely.

The data show that mutations of D75 perturb the bound
quinone and that D75 is protonated, possibly in direct
response to reduction of the bound quinone. However, to
prove that D75 is located at the site where the semiquinone
radical is formed, further EPR and ENDOR experiments will
be necessary. Such experiments are currently underway.
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